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In conclusion, brain ChE was not altered at either dose of CPFO;
thus, the 0.01 mg/kg/day CPFO dose was considered a no-ob-
served-effect-level (NOEL) for ChE inhibition across all tissues in
both age groups with repeated exposure.

4. Discussion

This comparative cholinesterase study was designed to examine
whether there were age-related differences in sensitivity to ChE
inhibition following CPF exposure. The effects of acute CPF expo-
sure in PND 11 pups compared with adults showed that there were
dose-dependent differences in sensitivity at high doses (i.e., 5 mg/
kg in corn oil), where pups were more sensitive than adults. At
lower dose levels, pups and adults showed significant plasma
and RBC or brain ChE inhibition at the same dose levels. When
using rat milk as an alternate vehicle to simulate lactational expo-
sures, ChE inhibition in PND 11 pups was similar to levels achieved
when administering CPF in corn oil. In adults, acute CPF exposure
by gavage (corn oil vehicle) or using a alternate dosing scenario
(i.e., 12-h dietary exposure in adult females) showed that dose rate
affects the relative magnitude of ChE inhibition across tissues, be-
cause ChE inhibition was greater in RBC, but less in brain, with die-
tary exposures. With 11 daily exposures to CPF (corn oil vehicle),
both pups and adults showed similar sensitivity to ChE inhibition
across tissues. Brain ChE was not inhibited in either adults or pups
at any dose of CPFO tested, despite similar sensitivity at ages to
CPFO inhibition of RBC and plasma ChE. Together, these data indi-
cate that young animals are not more sensitive than adults to CPF-
or CPFO-induced ChE inhibition across the lower portion of the
dose-response curves.

PND 11 pups were selected as the comparison group for adult fe-
males in this study based on EPA guidance for comparative cholines-
terase studies. Across species, brain development follows
predetermined developmental patterns; however, the timing of
these developmental stages relative to birth varies. Consequently,
the degree of functional maturity of the nervous system also varies
at birth. There is ample data to support the concept that compared
to humans, rats are altricial (i.e., born less mature) with respect to
neurodevelopment. Using morphometric measurements and neuro-
genesis in different brain regions, Bayer et al. (1993) concluded that
the full-term human brain at birth was approximately equal to a
PND 14-21 rat brain. Similar conclusions also have been expressed
by others (Vidair, 2004; Clancy et al., 2007). Data suggest that the
blood-brain barrier (BBB) in humans is more developed at birth than
the BBB in neonatal rats (Adinolfi and Haddad, 1977; Bonati et al.,
1981). Thus, PND 11 rat pups represent an appropriately conserva-
tive model to examine potential effects in human infants.

When examining control animals from the acute phase of the
comparative ChE study, adults had greater brain and plasma ChE
activity, whereas pups had greater RBC ChE activity. In the re-
peat-dose study, when pups were euthanized on PND 21, brain
ChE activity in the control group was approximately 80% higher
than levels in PND 11 control pups. This was consistent with pre-
vious reports {(Moser et al., 1998; Timchalk et al., 2006) that have
demonstrated increases in brain ChE as rats mature. There was
no apparent maturational pattern for RBC and plasma ChE activity,
which were approximately similar at both PND 11 and 21. Tim-
chalk et al. (2006) reported that RBC ChE enzyme activity increased
between PND 5 and 12, then decreased slightly on PND 17,
whereas plasma ChE activity was relatively stable across ages.

With acute exposures in corn oil, the relative sensitivity of
adults compared with pups was dose dependent. At high dose lev-
els, PND 11 pups were more sensitive to CPF-induced ChE inhibi-
tion because 5 mg/kg CPF induced similar levels of plasma, RBC
and brain ChE inhibition as 10 mg/kg in adults. However, at lower

doses of CPF, the dose-response curves for adults and immature
rats intersected (see Figure S-21; Supplemental data 1), such that
2 mg/kg did not cause significant brain ChE inhibition in either
adults or pups, but caused significant RBC and plasma ChE in both
age groups. As reported previously (US EPA, 2011), significant RBC
and plasma ChE inhibition occurred at lower dose levels than brain
ChE inhibition in both PND 11 pups and adults. The NOEL for ChE
inhibition across all tissues (0.5 mg/kg) was the same for both
adults and pups. There was no significant difference in sensitivity
to ChE inhibition between male and female PND 11 pups, consis-
tent with other reports in preweanling animals (e.g., Moser and
Padilla, 1998; Moser et al., 1998). Thus, at lower doses, adult fe-
male rats and PND 11 rat pups exhibited similar sensitivity across
all tissues, although pups had higher blood levels of CPF at all dose
levels.

The enhanced sensitivity of pups to acute CPF exposure at high-
er dose levels has been reported previously (e.g., Moser et al., 1998
at doses >5 mg/kg) and was partially attributed to the lower met-
abolic capacity in younger animals (Timchalk et al., 2006). There is
evidence that pups metabolize high doses of CPF more slowly than
adults. When examining [TCP]/[CPF] ratios across studies, which is
an indicator of metabolic capacity of an animal, it appears that this
ratio is ~50 in PND 5 pups at 6 h after dosing 1 mg/kg CPF in corn
oil (Marty et al., 2007), 102-170 in PND 11 pups at 6 h after dosing
with 0.5-2 mg/kg CPF in corn oil and ~449-810 in adult females at
8 h after dosing 0.5-2 mg/kg CPF in corn oil. These data show
greater metabolic capacity was present in adults; however, TCP
formation was favored in the older age groups as blood TCP con-
centrations exceeded parent CPF by a factor of 100-fold or greater
by PND 11, consistent with the findings of Timchalk et al. (2006).

The production of CPFO depends on the rate of hepatic activation
of CPF and inactivation of CPFO by cytochrome P450 monooxygena-
ses (Ma and Chambers, 1994; Sultatos, 1994; Sultatos et al., 1984).
CPF is extensively metabolized into water soluble metabolites,
which prevents the accumulation of CPF or its metabolites (US
EPA, 2011). Other pathways involved in CPFO inactivation include
interactions with esterases other than AChE (e.g., butyrylcholines-
terases, which is hypothesized to scavenge CPFO to prevents its
interaction with peripheral target sites; Maxwell 1992a,b; US
EPA, 2011) or binding to B-esterases (e.g., carboxylesterases), both
of which decrease the amount of CPFO available to interact with
the target site (AChE). In addition, hydrolysis of the oxon by A-
esterases (i.e., PON-1; CPF-oxonase; Behnke and Murphy, 1975;
Costa et al., 1990) leads to the formation of TCP and diethylphos-
phate, which do not inhibit AChE. Data indicate that these detoxifi-
cation pathways continue to mature postnatally in rats and the
maturation of these systems parallels decreases in sensitivity to
high-dose, acute CPF exposure (Mortensen et al., 1996; Atterberry
et al., 1997; Maxwell, 1992a,b; Chand et al., 1997; Morgan et al.,
1994). Moser et al. (1998) showed that preweanling rats have lower
levels of both liver and plasma carboxylesterases and A-esterase
activity than adults, which correlates with the gradual decrease in
sensitivity as rats mature. However, in humans, available data indi-
cate that liver carboxylesterase activity does not differ between in-
fants and adults as activity appears to change relatively little during
postnatal maturation (Pope et al., 2005). Furthermore, Smith et al.
(2011) found no age-related differences in CPF metabolism
in vitro using hepatic microsomes isolated from humans at 13 days
to 75 years old, whereas age-dependent increases in CPFO esterase
metabolism in human plasma (3 days to 46 years) were reported.

Levels of ChE inhibition following acute ChE exposure in the
current study were generally consistent with previously published
studies in immature animals, although this study included multi-
ple dose levels at the lower portion of the dose response curve
(i.e., <1 mg/kg). In the study by Timchalk et al. (2006), RBC and
plasma inhibition were seen in PND 5 and 12 pups at 1 mg/kg
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CPF in corn oil. This is consistent with the current study, where
inhibition was seen in these tissues at 2 mg/kg, but was not seen
at 0.5 mg/kg in PND 11 pups. Zheng et al. (2000) reported a de-
crease in plasma and RBC ChE at doses of 0.45 and 1.5 mg/kg
CPF, respectively, in PND 7 pups. The reason for this difference in
plasma ChE inhibition may be related to differences in study de-
signs, sampling times, or ages of the pups from which ChE activity
was measured. In the current study, there were no effects on brain
ChE activity at 2 mg/kg on PND 11, which was consistent with Tim-
chalk et al. (2006), who reported no effects on brain ChE activity at
1 mg/kg in PND 12 pups. Overall, when considering dose and pup
age, the levels of ChE inhibition across tissues in this study were
consistent with the existing scientific literature.

The variability in ChE measurements in the current study were
consistent with variability reported in other studies, giving the cur-
rent study a similar level of sensitivity to previous work. Coeffi-
cients of variation (CVs) for control ChE values appear in
Supplemental data 3. In the acute dose-response studies (n =8/
sex/dose for pups or n = 8/dose for adult females), RBC CVs ranged
from 6.5% to 23.2%, brain CVs ranged from 2.3% to 18.1% and plas-
ma CVs ranged from 7.5% to 37.5%. In the repeat dose studies
(n = 8/sex/dose for pups or n = 8/dose for adult females), RBC CVs
ranged from 5.6% to 35.0%, brain CVs ranged from 3.5% to 3.8%
and plasma CVs ranged from 12.3% to 33.0%. These results were
consistent with expectations as brain ChE activity was the least
variable of the tissues measured, whereas there was more variabil-
ity in plasma ChE, which contains mixed activity (i.e., butyryl- and
acetyl-cholinesterase). A CV comparison for treated animals was
not included as variance was expected to be higher in treated ani-
mals due to inter-animal differences, including differences in
absorption, distribution, metabolism, and excretion, individual dif-
ferences in response to treatment (particularly in steeper portions
of the dose-response curve), slight differences in dose delivered,
etc. The similarity in CVs to other published studies shows that
these assays were reasonably sensitive to detect changes in ChE
activity when such changes were present.

When using rat milk as an alternative vehicle in PND 11 pups to
simulate lactational exposures, ChE inhibition was similar to levels
achieved when administering CPF in corn oil. At the time-of-peak
inhibition, blood CPF and CPFO levels, as well as the magnitude of
ChE inhibition across tissues, were similar with both milk and corn
oil vehicles (Fig. 1A and B). This was unexpected as kinetic data for
blood CPF and blood TCP in PND 5 pups {1 mg/kg CPF in corn oil or
in milk) showed a similar time to maximal concentration (Cpax) for
both oil and milk vehicles with a notable increase in blood CPF Crax
in pups dosed with corn oil (Marty et al., 2007). Based on the estab-
lished PBPK/PD model for CPF in immature rat pups (Timchalk et al.,
2002, 2006), the peak for pup blood levels of CPF after administra-
tion in rat milk was 5-7 h. Given the slow recovery of ChE activity,
the ChE inhibition was comparable even with different time points
examined (6 vs. 8 h post-dosing). In their recent assessment, the US
EPA determined that RBC ChE inhibition in PND 11 pups exposed
acutely to CPF in milk had the lowest oral point of departure in
the CPF database (US EPA, 2011).

When using an acute 12-h dietary exposure in adults to simu-
late CPF exposures in the diet over a day, dose rate apparently im-
pacted the relative magnitude of tissue ChE inhibition. The slower
dose rate likely allowed more time for detoxification pathways,
such that less CPF was available to interact with brain ChE. Data
from these studies have shown that CPFO at <10 mg/kg did not in-
hibit brain ChE activity in adult females. Therefore, it is possible
that the slower dose rate allowed greater opportunity for P450
metabolism and/or interaction of CPFO with carboxylesterases or
other ChEs (e.g., butyrylcholinesterase) so that less CPFO was avail-
able to interact with brain ChE. Timchalk et al. (2006) reported that
differences in tissue dosimetry (higher oxon AUC in blood relative

to brain) contribute to enhanced sensitivity of blood relative to
brain ChE. This seems plausible as RBC ChE showed greater inhibi-
tion with dietary CPF dosing, although plasma ChE inhibition was
the same with both gavage and dietary treatment.

In the current study, there were no signs of cholinergic toxicity
detected in either the acute study (clinical observations at <5 mg/
kg in pups or <10 mg/kg in adults) or the repeat-dose study (clin-
ical observations and FOB with motor activity at <3.5 mg/kg/day
in both age groups), despite significant brain ChE inhibition
(~53-58% in the acute study and 59-69% in the repeat dose study).
Moser (2000) reported that PND 17 female rats had a decrease in
tail-pinch response at 6.5 h post-dosing with 4 mg/kg CPF, whereas
males were not affected at this dose level. At a higher CPF dose
(i.e.,10 mg/kg) than those given to pups in the current study, Moser
(2000) observed alterations in numerous neurobehavioral end-
points in both male and female PND 17 pups including altered
gait/ataxia, decreased arousal state, tail-pinch response (males),
tremors, smacking {males) and lacrimation (femnales). In adults, de-
creased motor activity (total counts) was the most sensitive end-
point with decreases in males noted at 3.5h post-dosing with
10 mg/kg, whereas both males and females were affected at
50 mg/kg, along with other cholinergic signs of toxicity (Moser,
2000). In a separate study (Moser et al., 1998), PND 17 female rats
with a 50-60% decrease in brain ChE activity following acute expo-
sure to 5 mg/kg CPF showed decreased open-field arousal, and in
adult males, there was a correlation between a 40-50% decrease
in brain ChE activity and decreased motor activity at 20 mg/kg
CPF. Numerous factors may have contributed to differences in neu-
robehavioral effects in the previous studies by Moser et al. and the
current study, including differences in dose levels (generally lower
in the present study), developmental stage, neurobehavioral meth-
ods, or possibly receptor down regulation, which has been pro-
posed to account for recovery of neurobehavioral performance
(Bignami et al., 1975; Nostrandt et al., 1997; Moser and Padilla,
1998). Perhaps the gender-related differences in sensitivity to neu-
robehavioral effects in the Moser studies, in the presence of similar
brain ChE inhibition in both sexes, indicate that these effects oc-
curred near the threshold for neurobehavioral alterations, which
could vary slightly across studies.

With repeated exposures, adults and PND 11 pups were similar
in sensitivity to ChE inhibition by CPF. Significant brain ChE inhibi-
tion was seen in both adults and pups at 1.0 mg/kg/day CPF,
whereas significant plasma and RBC inhibition occurred in both
age groups at 0.5 mg/kg/day. In 2008, the US EPA Science Advisory
Panel (2008) hypothesized that young animals might be less sensi-
tive to repeated CPF exposure due to decreased levels of enzymes
converting CPF to CPFO and/or a more rapid increase in AChE activ-
ity in tissues of young animals, likely due to increased rates of pro-
tein synthesis (e.g., Chakraborti et al., 1993; Liu et al., 1999). The
current study verified that pups achieve higher blood levels of
CPF for a given dose, presumably due to slower metabolism to
TCP. Based on administered dose, these immature animals showed
similar sensitivity to CPF-induced ChE inhibition as adults; how-
ever, based on blood levels, pups showed lower sensitivity to
CPF-induced ChE inhibition. A recent physiologically based phar-
macokinetic/pharmacodynamic (PBPK/PD) model using human
CYP-specific kinetic parameters and age-based differences in hepa-
tic CYP content predicted that 1 year-olds would be less sensitive
than 19-year olds to CPF-induced butyryl- and acetyl-ChE inhibi-
tion, although age-related differences in PON-1 levels and micro-
somal liver content are needed to refine the model (Foxenberg
et al,, 2011).

In adult females, there was significant inhibition of RBC ChE
activity at 0.1 mg/kg/day in the repeat-dose study, which was
deemed incidental as plasma ChE was not significantly altered at
this dose level. Plasma ChE has similar or greater sensitivity than
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RBC to inhibition by CPF (Lotti, 1995; Garabrant et al., 2009; US
EPA, 2008). Plasma ChE, which is comprised of half butyrylcholin-
esterase and half AChE (Timchalk et al., 2006), is more readily
inhibited because butyrylcholinesterase is more sensitive to inhibi-
tion by CPFO than AChE (Amitai et al., 1998; Kousba et al., 2003;
Timchalk et al., 2002). Across the current data sets, there were a
few occurrences when samples collected at the same time showed
RBC ChE inhibition that exceeded plasma ChE inhibition; however,
this was in a minority of cases and when it occurred, RBC and plas-
ma ChE samples were similar. Thus, the significant inhibition of
RBC ChE in adult females at 0.1 mg/kg/day, which occurred in the
absence of significant plasma ChE inhibition, was deemed
spurious.

Overall, the dose-response for ChE inhibition with repeated CPF
exposure in the current study was consistent with three previous
studies examining CPF-induced ChE inhibition in rats. In a 90-
day repeat-dose dietary CPF study with F344/DuCrl rats, Szabo
et al. (1988) reported a significant decrease in RBC and brain cho-
linesterase activities at =1 and >5 mg/kg/day, respectively. In the
adult 28-day dietary immunotoxicity study in CD rats (Boverhof,
personal communication), significant RBC and brain cholinesterase
inhibition were seen at similar dose levels (0.4 and =2 mg/kg/
day CPF, respectively) to the current study. RBC ChE inhibition at
0.4 mg/kg/day CPF was somewhat greater in the immunotoxicity
study (53.7% of control compared with 80.5% at 0.5 mg/kg/day in
the current study), which may have been related to the extended
dosing period in the immunotoxicity study (11 days in the current
study vs. 28 days in the immunotoxicity study) or the difference in
exposure routes {oral gavage in corn oil in the current study vs.
dietary in the immunotoxicity study). In a study by Carr and Nail
(2008), ChE inhibition was measured in multiple areas of the brain
in rat pups dosed daily by gavage from PND 10-16 with 5 mg/kg/
day CPF in corn oil. Brain ChE inhibition ranged from 54% (cerebel-
lum and medulla) to 64% (forebrain) with this dosing paradigm
compared with whole brain ChE inhibition that ranged from 59%
to 68% at 3.5 mg/kg/day from PND 11-21 in the current study.
These results show comparable brain ChE inhibition despite slight
differences in dose and exposure duration.

With CPFO exposure, brain ChE was not inhibited in either
adults or pups at any dose level tested, despite similar sensitivity
at both ages to CPFO inhibition of RBC and plasma ChE. These data
indicate a lack of systemic bioavailability of CPFO to peripheral tis-
sues (Bartels et al., 2011) and suggest that exposure to CPFO is less
toxic to brain ChE than exposure to parent CPF. In preliminary
studies, doses <10 mg/kg CPFO did not inhibit brain ChE activity
in adult female rats (Table 2). This finding differs from Betancourt
and Carr (2004) who reported ~50-60% decreases in brain ChE in
newborn rats (PND 1-6) exposed daily to 0.25 or 0.35 mg/kg/day
CPFO via oral gavage. These results may differ from the current
study because the pups were younger at the time of exposure;
therefore, an incomplete blood-brain barrier and/or slower detox-
ification pathways for CPFO may have contributed to brain ChE
inhibition. However, this PND 1-10 age range has generally been
considered to be physiologically more consistent to human fetuses
in utero (US EPA, 2011) and therefore, would not be relevant for
evaluation of neonatal human exposures.

In conclusion, both the acute and repeated-dose data indicate
that young animals are not more sensitive than adults to CPF or
CPFO over the lower portion of the dose response curves. This
conclusion has been confirmed subsequently using Benchmark
Dose Modeling (Reiss et al., 2012). Thus, with low-level, environ-
mentally relevant exposures, higher sensitivity of young animals
to ChE inhibition would be unlikely. Furthermore, there is no indi-
cation of altered brain ChE activity in either pups or adults follow-
ing 11 daily exposures to <0.5 mg/kg/day CPFO, the proximate
toxicant with CPF exposure. These data suggest that there should

be little, if any, concern for CPFO-mediated brain ChE inhibition
at environmentally relevant exposure levels.

Conflict of interest

The authors of this article, with the exception of M.J. Beck, are
employed by The Dow Chemical Company or Dow AgroSciences,
LLC, which produce chlorpyrifos and funded this study.

Acknowledgments

The authors wish to acknowledge the US EPA for advice on dose
selection, sample collection times and other aspects of this study
that were decided prior to initiation of the definitive study.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.yrtph.
2012.03.015.

References

Adinolfi, M., Haddad, S.A., 1977. Levels of plasma proteins in human and rat fetal
CSF and the development of the blood—-CSF barrier. Neuropadiatrie 8, 345-353.

Amitai, G. Moorad, D. Adani, R.. Doctor, B.P., 1998. Inhibition of
acetylcholinesterase and butyrylcholinesterase by  chlorpyrifos-oxon.
Biochem. Pharmacol. 56, 293-299.

Atterberry, T.T., Burnett, W.T., Chambers, J.E., 1997. Age-related differences in
parathion and chlorpyrifos toxicity in male rats: target and nontarget esterase
sensitivity and cytochrome P450-mediated metabolism. Toxicol. Appl.
Pharmacol. 147, 411-418.

Bartels, M., Marty, M.S., Hotchkiss, ].A., juberg, D.R,, 2011. Imparct of non-linear
pharmacokinetics and metabolism of chlorpyrifos on biological response in the
rat. Abstract # 2279. 2011 Itinerary Planner. Society of Toxicology, Washington,
DC.

Bayer, S.A., Altman, ]., Russo, RJ., Zhang, X., 1993. Timetables of neurogenesis in the
human brain based on experimentally determined patterns in the rat.
Neurotoxicology 14, 83-144.

Behnke, G.M., Murphy, S.D., 1975. The influence of age on the toxicity and
metabolism of methyl parathion and parathion in male and female rats. Toxicol.
Appl. Pharmacol. 31, 254-269.

Betancourt, A.M., Carr, RL., 2004. The effect of chlorpyrifos and chlorpyrifos-oxon
on brain cholinesterase, muscarinic receptor binding, and neurotrophin levels
in rats following early postnatal exposure. Toxicol. Sci. 77, 63-71.

Bignami, G., Rosic, N., Michalek, H., Milosevic, M., Gatti, G.L., 1975. Behavioral
toxicity of anticholinesterase agents: methodological, neurochemical, and
neuropsychological aspects. In: Weiss, B, Laties, V.G. (Eds.), Behavioral
Toxicology. Plenum, New York, pp. 155-216.

Bonati, M., Latini, R, Marra, G., Assael, BM., Parini, R, 1981. Theophylline
distribution in the premature neonate. Dev. Pharmacol. Ther. 3, 65-73.

Brzak, KA. Harms, D.W. Bartels, M.J. Nolan, RJ., 1998. Determination of
chlorpyrifos, chlorpyrifos oxon, and 3,5,56-trichloro-2-pyridinol in rat and
human blood. ]. Anal. Toxicol. 22, 203-210.

Carr, RL, Nail, CA., 2008. Effect of different administration paradigms on
cholinesterase inhibition following repeated chlorpyrifos exposures in late
prewenling rats. Toxicol. Sci. 106, 186-192.

Chakraborti, T.K., Farrar, ].D., Pope, C.N., 1993. Comparative neurochemical and
neurobehavioral effects of repeated chlorpyrifos exposures in young and adult
rats. Pharmacol. Biochem. Behav. 46, 219-224.

Chand, S.M., Mortensen, S.R., Moser, V.C., Padilla, S., 1997. Tissue-specific effects of
chlorpyrifos on carboxylesterase and cholinesterase activity in adult rats: an
in vitro and in vivo comparison. Fundam. Appl. Toxicol. 38, 148-157.

Clancy, B., Kersh, B., Hyde, ]J., Darlington, R.B., Anand, KJ.S., Finlay, B.L., 2007. Web-
based method for translating neurodevelopment from laboratory species to
humans. Neuroinformatics 5, 79-94.

Costa, L.G., McDonald, B.E., Murphy, S.D., Omenn, G.S., Richter, R]., Motulsky, S.G.,
Furlong, C.E., 1990. Serum paraoxonase and its influence on paraoxon and
chlorpyrifos-oxon toxicity in rats. Toxicol. Appl. Pharmacol. 103, 66-76.

Ellman, G.L., Courtney, K.D., Andres Jr., V., Featherstone, R.M., 1961. A new and rapid
colorimetric  determination of acetylcholinesterase activity. Biochem.
Pharmacol. 7, 88-95.

Foxenberg, R}, Ellison, C.A., Knaak, J.B., Ma, C,, Olson, J.R., 2011. Cytochrome P450-
specific human PBPK/PD models for the organophosphorus pesticides:
chlorpyrifos and parathion. Toxicology 285, 57-66.

Garabrant, D.H., Aylward, LL., Betent, S., Chen, Q., Timchalk, C., Burns, CJ., Hays,
SM., Albers, J W, 2009. Cholinesterase inhibition in chlorpyrifos workers:
characterization of biomarkers of exposure and response in relation to urinary
TCPy. J. Expo. Sci. Environ. Epidemiol. 19, 634-642.

ED_002061_00045668-00015



224 M.S. Marty et al./Regulatory Toxicology and Pharmacology 63 (2012) 209-224

Hunter, P.L, Marshal, R.S., Padilla, S, 1997. Automated instrument analysis of
cholinesterase activity in tissues from carbamate-treated animals: a cautionary
note. Toxicol. Meth. 7, 43-53.

Kousba, A.A., Poet, T.S., Timchalk, C., 2003. Characterization of the in vitro kinetic
interaction of chlorpyrifos-oxon with rat salivary cholinesterase: a potential
biomonitoring matrix. Toxicology 188, 219-232.

Liy, J.. Olivier, K., Pope, C., 1999. Comparative neurochemical effects of repeated
methyl parathion or chlorpyrifos exposures in neonatal and adult rats. Toxicol.
Appl. Pharmacol. 158, 186-196.

Lotti, M., 1995. Cholinesterase inhibition: complexities of interpretation. Clin.
Chem. 41 (12 part 2), 1814-1818.

Ma, T., Chambers, J.E., 1994. Kinetic parameters of desulfuration and dearylation of
parathion and chlorpyrifos by rat liver microsomes. Food Chem. Toxicol. 32,
763-767.

Marty, M.S., Domoradzki, ].Y., Hansen, S.C., Timchalk, C., Bartels, M.J., Mattsson, J.L.,
2007. The effect of route, vehicle, and divided doses on the pharmacokinetics of
chlorpyrifos and its metabolite trichlorpyridinol in neonatal Sprague-Dawley
rats. Toxicol. Sci. 100, 360-373.

Mattsson, J.l., Johnson, KA. Albee, RR., 1986. lack of neuropathologic
consequences of repeated dermal exposure to 2,4-dichlorophenoxyacetic acid
in rats. Fund. Appl. Toxicol. 6, 175-181.

Mattsson, J.L., Charles, J.M., Yano, B.L., Cunny, H.C., Wilson, R.D., Bus, ].S., 1897.
Single-dose and chronic dietary neurotoxicity screening studies on 24-
dichlrophenoxyacetic acid in rats. Fundani. Appl. Toxicol. 40, 111-119.

Mattsson, J.L., Maurissen, J.P., Nolan, R]., Brzak, KA., 2000. Lack of differential
sensitivity to chloinesterase inhibition in fetuses and neonates comipared to
dams treated perinatally with chlorpyrifos. Toxicol. Sci. 53, 438-446.

Maxwell, D.M,, 1992a. The specificity of carboxylesterase protection against the
toxicity of organophosphorus compounds. Toxicol. Appl. Pharmacol. 114, 306-312.

Maxwell, D.M. 1992b. Detoxification of organophosphorus compounds by
carboxylesterases. In: Chambers, J.E., Levi, P.E. (Eds.), Organophosphates
Chermnistry, Fate and Effects. Academic Press, New York, pp. 183-189.

Morgan, EW,, Yan, B., Greenway, D., Parkinson, A., 1994. Regulation of two rat liver
microsomal carboxylesterase isozymes: species differences, tissue distribution,
and the effects of age, sex, and xenobiotic treatment of rats. Arch. Biochem.
Biophys. 315, 513-526.

Mortensen, S.R, Chanda, S.M. Hooper, MJ., Padilla, S., 1996. Maturational
differences in chlorpyrifos-oxonase activity may contribute to age-related
sensitivity to chlorpyrifos. J. Biochen. Toxicol. 11, 279-287.

Moser, V.C., 1995. Comparisons of the acute effects of cholinesterase inhibitors using
a neurobehavioral screening battery in rats. Neurotox. Teratol. 17, 617-625.
Moser, V.C., Padilla, S., 1998. Age- and gender-related differences in the time course
of behavioral and biochemical effects produced by oral chlorpyrifos in rats.

Toxicol. Appl. Pharmacol. 149, 107-119.

Moser, V.C., Chanda, S.M., Mortensen, S.R., Padilla, S., 1998. Age- and gender-related
differences in sensitivity to chlorpyrifos in the rat reflect developmental profiles
of esterase activities. Toxicol. Sci. 46, 211-222.

Moser, V.C., 2000. Dose-response and time-course of neurobehavioral changes
following oral chlorpyrifos in rats of different ages. Neurotoxicol. Teratol. 22,
713-723.

Nostrandt, A.C., Padilla, S., Moser, V.C., 1997. The relationship of oral chlorpyrifos
effects on behavior, cholinesterase inhibition, and muscarinic receptor density
in rat. Pharmacol. Biochem. Behav. 58, 15-23.

Pope, CN., Chakraborti, T.K., 1992. Dose-related inhibition of brain and plasma
cholinesterase in neonatal and adult rats following sublethal organophosphate
exposures. Toxicology 73, 35-43.

Pope, CN., Chakraborti, T.K, Chapman, M.L, Farrar, J.D., Arthun, D., 1991.
Comparison of in vivo cholinesterase inhibition in neonatal and adult rats by
three organophosphorothioate insecticides. Toxicology 68, 51-61.

Pope, C.N,, Karanth, S,, Liy, J., Yan, B., 2005. Comparative carboxylesterase activities
in infant and adult liver and their sensitivity to chlorpyrifos oxon. Regul.
Toxicol. Pharmacol. 42, 64-69.

Reiss, R, Neal, B., Lamb, J., 2012. Acetylcholinesterase Inhibition Dose-Response
Modeling for Chlorpyrifos and Chlorpyrifos-oxon. Regul. Toxicol. Pharmacol.
63, 124-131.

Smith, J.N.,, Timchalk, C., Bartels, MJ., Poet, T.S., 2011. In vitro age-dependent
enzymatic metabolism of chlorpyrifos and chlorpyrifos-oxon in human hepatic
microsomes and chlorpyrifos-oxon in plasma. Drug Metab. Dispos. 39, 1353-
1362.

Sultatos, L.G., 1994. Mammalian toxicology of organophosphorus pesticides. ]J.
Toxicol. Environ. Health 43, 271-289.

Sultatos, L.G., Shao, M., Murphy, S.D., 1984. The role of hepatic biotransformation in
mediating the acute toxicity of the phosphorothionate insecticide chlorpyrifos.
Toxicol. Appl. Pharmacol. 73, 60-68.

Szabo, ].R., Young, ].T., Grandjean, M., 1988. Chlorpyrifos: 13-week dietary study in
Fischer 344 rats. Summarized in: chlorpyrifos (Dursban®, Lorsban®) dietary
exposure assessment. Health Assessment Section, Medical Toxicology Branch.
Department of Pesticide Regulation. California Environmental Protection
Agency. May 8, 1992.

Timchalk, C., Nolan, RJ., Mendrala, A.L., Dittenber, D.A., Brzak, K.A., Mattsson, J.L.,
2002. A physiologically based pharmacokinetic and pharmacodynamic (PBPK/
PD) model for the organophosphate insecticide chlorpyrifos in rats and humans.
Toxicol. Sci. 66, 34-53.

Timchalk, C., Poet, T.S., Kousba, A.A., 2006. Age-dependent pharmacokinetic and
pharmacodynamic response in preweanling rats following oral exposure to the
organophosphate insecticide chlorpyrifos. Toxicology 220, 13-25.

US EPA, 2008. United States Environmental Protection Agency. Chlorpyrifos
Reassessment. Appendix B - Mode of Action: Inhibition of
Acetylcholinesterase (AChE). Health Effects Division, Office of Pesticide
Programs, August 27, 2008.

US EPA, 2011. United States Environmental Protection Agency. Chlorpyrifos
preliminary human health risk assessment. DP No. D388070. Office of
Chemical Safety and Polution Prevention. June 30, 2011. Available fron::
<http://www.epa.gov/oppsrrd1/registration_review/chlorpyrifos/EPA-HQ-OPP-
2008-0850-DRAFT-0024%5B1%5D.pdf> (accessed on 12.02.12).

US EPA Scientific Advisory Panel, 2008. A set of scientific issues being considered by
the Environmental Protection Agency regarding: the Agency’s evaluation of the
toxicity profile of chlorpyrifos. Arlington, VA; September 16-18, 2008, SAP
minutes no. 2008-04. Available from: <http://www.epa.gov/hsrb/files/1e2-sap-
meeting-minutes-121708.pdf> (accessed on 12.02.2012).

Vidair, CA, 2004. Age dependence of organophosphate and carbamate
neurotoxicity in the postnatal rat: extrapolation to the human. Toxicol. Appl.
Pharmacol. 196, 287-302.

Zheng, Q.. Olivier, K, Won, Y.K, Pope, CN. 2000. Comparative cholinergic
neurotoxicity of oral chlorpyrifos exposures in preweanling and adult rats.
Toxicol. Sci. 55, 124-132.

ED_002061_00045668-00016



Message

From: Cindy Smith [csmith @gowanco.com]

Sent: 4/11/2018 1:00:33 PM

To: Beck, Nancy [/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=168ecb5184ac44de95a913297f353745-Beck, Nancy]

CC: janet collins [/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=usera98e8fe5]

Subject: Re: Meeting tomorrow

we are held up in security downstairs
on Apr 11, 2018, at 8:19 AM, Beck, Nancy <Beck.Nancy@epa.gov> wrote:

Yes, you may want to try Kaitlin, Derrick and Venus. Kaitlin and Derrick and I will be in a meeting til
, but I'm sure someone will be watching the phone.

Nancy B. Beck, Ph.D., DABT
Deputy Assistant Administrator, OCSPP

. EX.6 |

'beck.nancy@epa.gov

VVVVVVYVYVWwVVYV

\"

————— original Message-----

From: Janet Collins [mailto:jcollins@croplifeamerica.org]
Sent: Tuesday, April 10, 2018 6:40 PM

To: Beck, Nancy <Beck.Nancy@epa.gov>

Cc: csmith@gowanco.com

Subject: RE: Meeting tomorrow

Thanks very much. See you at 9:00. Do we ask for Kaitlin?

Janet
Ex. 6

————— original Message-----

From: Beck, Nancy [mailto:Beck.Nancy@epa.gov]
Sent: Tuesday, April 10, 2018 6:03 PM

To: Janet Collins <jcollins@croplifeamerica.org>
Cc: csmith@gowanco.com

Subject: RE: Meeting tomorrow

VVVVVYVVVYVYVVYVY

\"

of course.
It will be me, Charlotte Bertrand, Rick Keigwin and Kaitlin Keller.

See you in the morning!

Nancy B. Beck, Ph.D., DABT
Deputy _Assistant Administrator, OCSPP

Ex. 6

beck.nancy@epa.gov

VVVVVVVVVVVVVVYVYVYVYV

\"

————— original Message-----

From: Janet Collins [mailto:jcollins@croplifeamerica.org]
Sent: Tuesday, April 10, 2018 5:16 PM

To: Beck, Nancy <Beck.Nancy@epa.gov>

Cc: csmith@gowanco.com

Subject: Meeting tomorrow

Nancy- can you tell me who will be participating from your shop?

VVVVVYVYVVYVY

Thanks- see you tomorrow.
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Message

From: Michael L. Dourson [ Ex. 6 i
Sent: 5/16/2018 4:03:16 PM
To: thomas.hornshaw@illinois.gov [/o=Exchangelabs/ou=Exchange Administrative Group

(FYDIBOHF23SPDLT)/cn=Recipients/cn=31c80d85ae22472e97b4e678876dd054-thomas.hornshaw@illinois.gov];
White, Kimberly [Kimberly White@americanchemistry.com]; sminick@txbiz.org; Pam.Giblin@bakerbotts.com
[/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=3820fc6aafd744aca022a05379c52288-Pam.Giblin@bakerbotts.com]; Rick
Reiss [rreiss@exponent.com]; roger.brewer@doh.hawaii.gov [/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=0751cf70ccd24e67923cf60b935cdbce5-roger.brewer@doh.hawaii.gov]; Anne
LeHuray [alehuray@naphthalene.org]; Elizabeth Becker [ebecker@cermonline.com]; Richard Reising
[rreising@cermonline.com]; Natalia_Foronda@moh.govt.nz; Gift, Jeff [/o=Exchangelabs/ou=Exchange
Administrative Group {(FYDIBOHF23SPDLT)/cn=Recipients/cn=746b029cd80e437d9f62708c339a9¢ec8-Gift, Jeff];
Ohanian, Edward [/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=f119491e2ba8476381a39¢57a456ac55-EOhanian]; Rak, Drew
[andrew.rak@noblis.org]; Short_Brian [Short_Brian@Allergan.com]; cindy.hafner@epa.state.oh.us
[fo=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=ba3al6a2053a4aaf963712c9a51de3c7-cindy.hafner@epa.state.oh.us];
CFChaisson@ThelifeLineGroup.org [/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=cdalbb20a2984d49867bd55cef2f8550-CFChaisson@ThelifelLineGroup.org];
Barbara Beck [bbeck@gradientcorp.com]; Kirby Tyndall [kirby.tyndall@pbwllc.com]; svia@awwa.org
[/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=837e1d66b58a4ea99e240f18e13c4c86-svia@awwa.org]; aoller@nipera.org;
Shelley (MPCA) [Shelley.Burman@state.mn.us]; Henry Roman [/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=userc094bf11]; Eric Ruder [/o=Exchangelabs/ou=Exchange Administrative
Group (FYDIBOHF23SPDLT)/cn=Recipients/cn=usere39539f8]; kathy.hughes@hc-sc.gc.ca
[/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=3ebcd5751474447aa28a7fbee2b0f882-kathy.hughes@hc-sc.gc.cal;
ted@TedSimon-Toxicology.com [fo=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=94b4028cf7¢342488de5bf9c47e6a304-ted @TedSimon-Toxicology.com]; Lesa
Aylward [laylward@summittoxicology.com]; shays@summittoxicology.com [/o=Exchangelabs/ou=Exchange
Administrative Group (FYDIBOHF23SPDLT)/cn=Recipients/cn=aalc42deal244b538f859f31dc5718ba-
shays@summittoxicology.com]; Rosalind Schoof [rschoof@Environcorp.com]; Sol Bobst [sol@toxsciadvisors.com];
Bill_Gulledge@americanchemistry.com; scampleman@epri.com [/o=Exchangelabs/ou=Exchange Administrative
Group {FYDIBOHF23SPDLT)/cn=Recipients/cn=623178f97a72466fa795c644b0042b4e-scampleman@epri.com];
sferenc@cpda.com; SBennett@cspa.org; jack_snyder@styrene.org; tucker.helmes@socma.com
[/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=c40c6f3be36a425d8428fd4ce886a86e-tucker.heimes@socma.com];
ansellj@personalcarecouncil.org; mjack@gmaonline.org; fkruszewski@cleaninginstitute.org;
clark.carrington@fda.hhs.gov; raj.sharma@gapac.com; Julie.Schroeder@ontario.ca; Emilia
[ELonardo@gmaonline.org]; dmccarty@dnr.state.ga.us; Kadry, Abdel-Razak [/o=Exchangelabs/ou=Exchange
Administrative Group (FYDIBOHF23SPDLT)/cn=Recipients/cn=acb325507bf7451b9735813cfde5e417-Kadry, Abdel-
Razak]; Cogliano, Vincent [fo=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=51f2736376ac4d32bad2fe7cfef2886h-Cogliano, Vincent]; Hakkinen, Pertti
(NIH/NLM) [E] [hakkinenp@mail.nim.nih.gov]; Tiffany Bredfeldt [Tiffany.Bredfeldt @tceq.texas.gov]; Lynn (LH)
[LPottenger@dow.com]; Weis, Christopher (NIH/NIEHS) [E] [christopher.weis@nih.gov]; Amy Rosenstein

Ex. 6 ECIark, Becki [/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=a906e07f1cd143b9%a3c2ddab813b8140-Clark, Beckil;
craigbeskid@ehcma.org; jarchbo@toronto.ca; erin.hodge@oahpp.ca; Richard.Beauchamp@dshs.state.tx.us;
r.jeffrey.lewis@exxonmobil.com [/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=c38c7ff02df7405b868d54a639586df0-r.jeffrey.lewis@exxonmobil.com];
Bette Meek [bmeek@uottawa.cal; Greg Paoli [gpaoli@risksciencesint.com]; Alan.Stern@dep.state.nj.us
[/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=4f82fe5258fc43cf8eaeb92ead4f963f-Alan.Stern@dep.state.nj.us]; James Bus
[ibus@exponent.com]; Jarabek, Annie [/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=8b1de54d48e1429c8129f6499211dbdb-larabek, Annie];
drew.rak@noblis.org; Debra Kaden [dkaden@environcorp.com}; CNorman@PattonBoggs.com
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[/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=b8744f41e76d4536bf99465ca01933dc-CNorman@PattonBoggs.com]; Beck,
Nancy [/o=Exchangelabs/ou=Exchange Administrative Group
{FYDIBOHF23SPDLT)/cn=Recipients/cn=168ecb5184ac44de95a913297f353745-Beck, Nancy]; Yamada, Richard
(Yujiro) [/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=4c34ale0345e4d26b361b5031430639d-Yamada, Yuj]; Lynne Haber
[haberlt@ucmail.uc.edu]; Dr. Andy Maier [maierma@ucmail.uc.edul; Pat McGinnis [mcginnis @tera.org]; Tricia
Underwood Ex. 6 Johnson, Mark S CIV USARMY MEDCOM APHC (US)
[mark.s.johnson.civ@mail.mil]; Juberg, Daland (DR) [DRJuberg@dow.com]; Oliver, George {GR) [groliver@dow.com];
Risotto, Steve [Steve Risotto@americanchemistry.com]; Kelly Houston {aeihgq@mindspring.com]; wyf9@cdc.gov;
Elizabeth Dittman [/o=ExchangelLabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=user5e57ae5b]; Prucha, Christopher [cprucha@wm.com]; Raffaele, Kathleen
[/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=cc48281bbab34bf5bf3ab1a63780d5ca-Kathieen Raffaele]; Jeff Crum
[icrum@hampmathews.com]; Suzanne_Fitzpatrick [/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=3ealcbe73e0543fa9f5e71188cb177¢7-Suzanne_Fit]; Carlin, Danielle
(NIH/NIEHS) [E] [danielle.carlin@nih.gov]; Craig.Rowlands@ul.com [/o=Exchangelabs/ou=Exchange Administrative
Group (FYDIBOHF23SPDLT)/cn=Recipients/cn=2faac2cbab564370ae25dc80951fff70-Craig.Rowla]; Uni Blake
[BlakeU@api.org]; Cody Wilson [codywilson@coca-cola.com]; Heidi Holst [hholst@ashland.edu]; Paul Hanlon
[paul.hanlon@abbott.com]; steven.hermansky@conagra.com; Rick_Becker@americanchemistry.com
[/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=f03aaee7f1014aad916f86c53f886717-
Rick_Becker@americanchemistry.com]; Roberts,Stephen M [smroberts@ufl.edu]; janet collins
[/o=Exchangelabs/ou=Exchange Administrative Group (FYDIBOHF23SPDLT)/cn=Recipients/cn=usera98e8fe5];
Phelka, Amanda [aphelka@nsf.org]; helen.goeden@state.mn.us [/o=Exchangelabs/ou=Exchange Administrative
Group (FYDIBOHF23SPDLT)/cn=Recipients/cn=b567d1e3f235405783e08b0064579be0-helen.goeden@state.mn.us]

CC: Anita.K.Meyer@usace.army.mil [/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=ebb41195f2324548959139e28c25b8a6-Anita.K.Meyer@usace.army.mil];
rperona@neptuneinc.org [/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=e3cb7a7889be4e398597d55¢c36c6e5a4-rperona@neptuneinc.org]; Michael
Honeycutt [/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=usere10b9f5f]; Mumtaz, Moiz (ATSDR/DTHHS/OD) [mgm4@cdc.gov];
Annette Dietz [acdietz@pdx.edu}; Michael Dourson [dourson@tera.org]

Subject: Beyond Science and Decisions Workshop Series

Dear Colleagues

As many of you know, I have rejoined TERA and we are in the process of reestablishing some of its previous
collaborative work. Several of you have expressed interest in continuing this workshop series, based on the
NAS 2009 document of the same name, and the steering committee of the Alliance for Risk Assessment is
favorable.

Part of this restart will be to ask for members of our interested community to serve on a project steering
committee. If you or one of your colleagues is interested in serving, please let me know. We would like to
have a first conference call of this committee during the last week of May. Our next workshop would be
anticipated in the fall of this year. As before, if you have methods on which you might wish some feedback,
please feel free to submit them to this committee. With over 40 case studies, this workshop series and its expert
scientific panel, might be a good place to showcase your work.

Please feel to share this announcement with interested colleagues. For details associated with this project,
see https://tera.org/Alliance%20for%20Risk/ARA Dose-Response.htm.

Cheers!

Michael
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Toxicology Excellence For Risk Assessment

—Dedicated fo the best use of toxicity data for risk assessment: see hitp./tera.org/AR 1 index.hitm!

Current dose response framework information at: https://med.uc.edu/eh/centers/rsc/risk-resources/dose-
response-framework

Last Workshop

Beyond Science & Decisions - Workshop 9
June 9-10, 2015
Cincinnati, Ohio — University of Cincinnati, Kettering Laboratory Auditorium

Almost 60 organizations have come together under the aegis of the Alliance for Risk Assessment (ARA), to
conduct a series of meetings, with the uitimate goal of consensus among the participants on a methods
compendium highlighting key considerations for applying dose-response technigues for common risk
assessment applications. The last workshop (Workshop IX) was held June 9-10 in Cincinnati, Ohio. The
workshop was open to the public and broadcast via webinar.

Case Studies that were discussed and sponsors included:

e Adverse outcome pathway (AOP) for Cancer Effects Reported following Oral Exposure to Inorganic
Arsenic — % day - EPRI

e AOP for Noncancer Effects Reported following Oral Exposure to Inorganic Arsenic — % day - EPRI

e Arisk assessment methodology for flame retardants — the FR framework — % day — ICL Industrial
Products

e« AOP for a mutagenic MOA for Cancer (AFB1 and HCC) — % day — ARASP (Center
for Advancing Risk Assessment Science and Policy) and the US EPA.
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Message

From: Jay Vroom [IVroom@croplifeamerica.org]
Sent: 4/13/2018 10:48:53 PM
To: Keigwin, Richard [/o=Exchangelabs/ou=Exchange Administrative Group

(FYDIBOHF23SPDLT)/cn=Recipients/cn=151baabb6a2246a3a312f12a706c0a05-Richard P Keigwin Jr]; Beck, Nancy
[/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=168ecb5184ac44de95a913297f353745-Beck, Nancy]

Subject: ESA letter from Defenders, Croplife and others

Attachments: ESA FIFRA MOA Letter 041018.pdf

Dear Nancy and Rick,

| wanted to be sure you saw this letter that was finalized and delivered this week. Please let me know if you have any
questions.

Best regards,
Jay

Jay Vroom

President & CEQ
CroplLife America

1156 15' Street, NW
Suite 400

Washington, DC 20005

Ex. 6

Email: vroom@corophifeamerica,omg
Executive Assistant: Mary Jo Tomalewski (202.872.3849, mitomalewski@croplifeamerica.org)
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April 10, 2018

The Honorable Ryan Zinke
Secretary

U.S. Department of the Interior
1849 C Street, N'W.
Washington, D.C. 20240

,,,,,

gxsecios. dot oy

The Honorable Scott Pruitt
Administrator

U.S. Environmental Protection Agency
1200 Pennsylvania Avenue, N.'W.
Washington, D.C. 20460
PruittscotticbEpa.gov

Via Electronic Mail

The Honorable Wilbur Ross
Secretary

U.S. Department of Commerce
1401 Constitution Avenue, N.-W.
Washington, D.C. 20230

Wi Rossiwdoo goy

The Honorable Sonny Perdue
Secretary

U.S. Department of Agriculture
1400 Independence Ave S W.
Washington, D.C. 20250
Senny. Purdue@osec usda.goy

Re: January 31, 2018 Memorandum of Agreement Implementation

Secretaries Perdue, Ross and Zinke and Administrator Pruitt:

We write to present a unified voice on the opportunity to address one of the most challenging
issues facing the intersection of federal pesticide regulation and endangered species
conservation: the need for an efficient regulatory process for aligning federal pesticide
registration decisions under the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA)
with the requirements of the Endangered Species Act (ESA). We believe these thoughts are both
specific and timely as you implement the January 31, 2018 Memorandum of Agreement on
Establishment of an Interagency Working Group to Coordinate Endangered Species Act
Consultations for Pesticide Registrations and Registration Review (MOA), which we support.
For too long, this issue has been marked by divisiveness and conflict as to possible product
effects on endangered species and regulatory uncertainty for pesticide manufacturers, farmers,
and other users. Your agencies can redouble their efforts from the last four years to move past
these conflicts by prioritizing a series of administrative improvements to how pesticides are
evaluated. The recent MOA can further this goal considerably.

As a group of diverse stakeholders who care deeply about harmonizing endangered species
conservation with agriculture and pest control, we believe that your agencies can and should
make further administrative improvements, consistent with the collaborative approaches they
have announced, and with their engagement with stakeholders during recent years. There are
numerous ways to improve the process of assessing potential impacts to endangered species
associated with pesticide registrations. The recommendations here are ones that we mutually
support, that we believe are feasible to implement, and that can meaningfully improve the
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April 10, 2018
Page 2

process. And in pursuing these recommendations, we urge you to engage stakeholders in an
open and transparent manner, as contemplated by the MOA.

1. Develop interagency processes on pesticide consultations that enable the EPA, Services,
and USDA to make the best use of each agency’s expertise and limited resources

The expertise needed to complete robust pesticide consultations already exists within the
agencies and should be leveraged to its fullest extent. The U.S. Environmental Protection
Agency (EPA) has expertise in ecological risk assessments for pesticides, including risk
assessment methods needed to evaluate the potential risks of pesticides to non-target wildlife,
such as exposure modeling and probabilistic tools, and requires significant amounts of data for
pesticide registrations. The U.S. Fish and Wildlife Service and the National Marine Fisheries
Service (collectively, the Services) have substantial expertise on threatened and endangered
species, including species biology, distribution, threats, and recovery needs. And the U.S.
Department of Agriculture (USDA) has expertise on how pesticides are used in agriculture,
including the timing and location of pesticide applications. This use information can be shared
with other agencies in ways that do not compromise landowner privacy or specific species
locations.

To make better use of limited agency resources, EPA should play a larger role in assessing the
potential effects of pesticides on endangered species, including at the population and species
levels. For the EPA to play such a role, and other agencies to leverage their existing data and
resources, your agencies should start by assessing the effectiveness of existing interagency
agreements and guidance on how to complete pesticide consultations. This effort should help
ensure that all four agencies have a common understanding of their own responsibilities, the key
scientific and policy assumptions that underlie an ESA pesticide consultation, including risk-
assessment endpoints, and the data and analyses needed to achieve those endpoints. This
assessment would also provide stakeholders with the transparency and accountability that should
allow them to support this proposed approach.

New guidance could identify clearer roles for each agency based on expertise and available and
reliable data. For example, USDA could be relied on for the cropping and pesticide use data it
already collects; EPA for quantitative risk assessment tools and uncertainty analysis; and the
Services for defining species ranges and evaluating effects at the species level. At the same time,
guidance could also identify ways for the agencies to continue improving collaboration so that
one agency is not “handing off” its analysis to another agency, but rather coordinating with that
agency throughout the consultation process. An improved approach could also allow
stakeholders to provide more information and data during the process, similar to how other
endangered species reviews under the ESA are completed.

Your agencies can build additional guidance today and implement it as a living document that
can be updated easily to reflect improved methods your agencies develop in the future. If
successful, the guidance will help ensure that capable agency scientists—whether sitting at the
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Page 3

EPA or the Services—can share and implement a common understanding of how to perform
pesticide consultations, facilitating their collaboration.

2. Use more refined species location maps and better pesticide use data

By using more refined data on where species are likely to occur, the EPA and the Services can
improve the occurrence maps of many species compared to some of the maps the Services
currently use, many of which are county-level. Refined range maps, which could be produced
using species distribution models and other robust scientific approaches, would more accurately
depict the true distribution of species and may result in fewer overlaps with areas affected by
pesticide use, allowing for a better understanding of potential exposure to those species. This
should expedite endangered species review for pesticides, improving the EPA’s and the
Services’ ability to meet statutory timeframes under FIFRA and the ESA.

By further involving pesticide registrants and the public, and considering available data, your
agencies can make use of more realistic information on when and how pesticides are applied,
thus enabling a more refined assessment. This information, when combined with refined species
range maps, may enable the EPA and the Services to identify more instances where pesticide use
does not overlap with species habitat. We see promising opportunities to work with USDA, state
agencies, species expert organizations, growers, and registrants to improve data on pesticide use
patterns.

3. Adopt better endangered species exposure assessments

Better exposure assessments can help the Services and EPA make defensible, science-based
conclusions that pesticide exposure is low or absent. One approach is to develop and implement
an interagency plan to refine hydrological and other exposure models that adopt more accurate
assumptions about endangered species exposure to pesticides. We see opportunities to further
refine commonly used models to distinguish between realistic and improbable exposure
scenarios. More realistic scenarios would help ensure that conservation efforts focus on the
species that are most likely to be affected by potential pesticide exposure.

4. Take advantage of avoidance and minimization opportunities to improve the efficiency
and effectiveness of pesticide consultations

EPA’s registration of pesticides currently includes requirements to avoid and minimize impacts
to non-target organisms. To enhance endangered species review, pesticide registrants could
choose to voluntarily adopt additional site-specific avoidance and minimization measures for
endangered species as part of EPA’s registration process or during consultations. Refined
species occurrence data are important to these efforts because they may allow pesticide
registrants, farmers, and other users to target protective measures to areas where species and their
habitats are likely to occur. They may also result in more pesticide consultations being
expeditiously resolved. Such an outcome would represent a win for conservation and for

ED_002061_00046301-00003



April 10, 2018
Page 4

regulated entities: fewer species potentially exposed to pesticides that could pose a risk to them,
and quicker and more predictable pesticide registration decisions.

S. Support opportunities to use voluntary conservation in pesticide evaluations

In addition to avoidance and minimization, a pesticide registrant may choose to consider
voluntary conservation efforts as an option to expedite, supplement, or simplify endangered
species review for a pesticide. This type of conservation effort (similar to a concept known as
compensatory mitigation in other contexts and referred to as “mitigation” below) can also
conserve species while expediting or simplifying pesticide consultations. This approach has not
played a prominent role in pesticide consultations to date. But if registrants choose to pursue this
option, effective and timely conservation efforts consistent with mitigation goals could lead to
more efficient consultations in some circumstances.

We urge your agencies to devote resources to help interested stakeholders establish voluntary
conservation projects and to integrate those projects into pesticide consultations at the request of
registrants. Specifically, we encourage the agencies to work with stakeholders to develop a
regulatory framework that further incentivizes voluntary conservation to improve or increase
habitat for endangered species.

6. Prioritize species-use combinations for formal consultation

We recommend that your agencies consider developing decision systems to help distinguish
among situations that pose low, medium, and high likelihood of jeopardy or adverse
modification (JAM) in formal consultation. In developing this system, your agencies could
consider both species and pesticide use factors. For example, species factors could include
abundance, biological status, and prey base. And use factors could include mode of action, route
of entry, and areas of use.

Identifying low, medium, and high-risk scenarios will help your agencies apply the most
efficient methods to complete JAM analyses. For many scenarios, proxy measures or general
principles of conservation biology and ecotoxicology may be adequate to inform the JAM
analysis. For other, higher-risk scenarios, more detailed species- and pesticide-specific analyses
may be warranted. The goal should be to complete the JAM analysis for low risk scenarios using
efficient yet defensible methods, so that agency staft can focus their limited resources on higher
risk scenarios that required more detailed, resource-intensive methods.

We believe that these recommendations for managing endangered species review of pesticides
will provide for a more efficient approach to species conservation while providing a sound basis
for decisionmaking. We also understand that your agencies would need additional resources and
funding to implement the recommendations effectively and expeditiously. We ask for a
commitment at the highest levels within your agencies to prioritize these improvements to
endangered species review of pesticides. With that commitment, we believe an enduring
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solution is possible to the current concerns with the adequacy of endangered species assessments
in pesticide consultations.

Sincerely,

CropLife America

Defenders of Wildlife

American Soybean Association

Minor Crop Farmer Alliance

National Association of Corn Growers
National Association of Wheat Growers

cc: Mr. Ray Starling
Special Assistant to the President for Agriculture, Trade and Food Assistance
Ravmond A Staring@whoe eop.gov

Mr. Michael J. Hickey
Chief, Environment Branch, Office of Management and Budget
mhickev@omb eop. gov

Mr. Chris Prandoni
Associate Director for Natural Resources, Council on Environmental
QualityChristopher D Prandonif@eeg.eop.uov

Mr. Greg Sheehan
Principal Deputy Director, U.S. Fish and Wildlife Service
Crepory sheehantifws pov

Mr. Chris Oliver
Assistant Administrator for Fisheries, NOAA Fisheries
Chs W.Oliver@noas.gov

Ms. Charlotte Bertrand

Acting Principal Deputy Assistant Administrator, EPA Office of Chemical Safety and
Pollution Prevention

Bertrand Chardotte(@ena gov

Dr. Sheryl Kunickis
Director of Office of Pest Management, U.S. Department of Agriculture
Sheryl Kunickisidosec usda.gov
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Message

From: Janet Collins [jcollins@croplifeamerica.org]

Sent: 4/9/2018 11:08:22 AM

To: Beck, Nancy [/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=168ecb5184ac44de95a913297f353745-Beck, Nancy]

CC: csmith@gowanco.com [fo=Exchangelabs/ou=Exchange Administrative Group

(FYDIBOHF23SPDLT)/cn=Recipients/cn=85a93dee627e495997f325593ed303eb-csmith@gowal; Courtney DeMarco
[cdemarco@croplifeamerica.org]

Subject: Update Meeting Materials

Attachments: Chlorpyrifos Epi Review Grasdient 02 15 18.pdf; Debbie Edwards et al 02 18.pdf; Reiss 2015.pdf;
Chlorpyrifos_Meas_Error_Comments_215-8248.pdf; Jan 25 2013 Bradbury Letter.pdf

importance: High
Flag: Flag for follow up

Nancy- again we really appreciate you joining our Strategic Oversight Council discussion on January 25". You may recall
that we had several items we committed to follow up on for you.

1. You raised the concept of a 3™ party review of the epidemiological data that is the basis for EPA’s HED
Memorandum that reapplies an FQPA 10x to all organophosphate risk assessments. We wanted to highlight for
you that some 3™ party reviews of those data have been conducted. | have highlighted the summaries of the
following papers and provided them in their entirety if you want to review them:

a. Debbie Edwards Paper
b. Rick Reiss/Michael Goodman Paper
c. Gradient Paper (2015)

2. We pointed out that EPA had completed risk assessments for some organophosphates after the epidemiological
data were available to them where no FQPA 10x was applied. Here are the specific examples. Here are the
specific examples of organophosphates which EPA removed the FQPA 10x and did not reapply until the HED
memo issued in 2015:

a. Bensulide — EPA scoping document in 2008 did not reapply the FQPA 10x based on the epi data despite
the Agency being aware of those data

b. Phosmet — EPA scoping document in 2009 did not reapply the FQPA 10x based on the epi data despite
the Agency being aware of those data

Additionally, | also include a letter written in 2013 by Steve Bradbury (then Director of the Office of Pesticide

Programs) regarding the use of these same epidemiology data in risk assessments. It is our contention that

for EPA to reapply the FQPA 10x to a compound from which the Agency had removed it, they must have

reliable and available data. The researchers have not provided the data to the Agency for the

epidemiological studies that are the basis for EPA reapplying the FQPA 10x.

3. Ongoing mechanistic data. You mentioned ongoing research—possibly at ORD —to determine if there is some
other mode of action occurring at doses lower than those that inhibit cholinesterase that may cause
neurodevelopmental effects. Can you please provide more information about what is being done? We would
just like to point that previous discussions on this topic often focused on brain rather than RBC and the focus
really needs to be on RBC.

Thanks again for agreeing to meet with us on Wednesday- we appreciate it.

lanet

Ex. 6
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Chlorpyrifos and Neurodevelopmental Effects:
Overview of the Columbia Study

Decades of research indicates that chlorpyrifos is only toxic at exposures that are high enough to inhibit
acctylcholinesterase (AChE) activity in the brain. The range of exposures experienced by children and
pregnant women are far lower than those that can cause AChE inhibition.

Even so, several relatively recent epidemiology studies have evaluated prenatal chlorpyrifos exposure and
birth outcomes (e.g., infant body weight or head circumference) and neurodevelopmental (e.g., mental and
psychomotor) testing results. These studies have found weak and inconsistent associations.

These studies have been critically reviewed several times over the last several years (e.g., Reiss er al., 2015;
Edwards et al., 2013; Prueitt ef al., 2011, Gradient, 2015). The US EPA Office of Pesticide Programs
(OPP) is particularly focused on the Columbia Center for Children's Environmental Health Mothers and
Newborn Study (the Columbia study) and has been specifically considering analyses by Dr. Rauh and
colleagues published in 2006 (Rauh ef /., 2006) and 2011 (Rauh ef a/., 2011) for its re-evaluation of
chlorpyrifos. These studies reported associations between low chlorpyrifos levels in ufero and lower 1Q
scores and increased behavioral problems at 3 to 7 years of age. This contradicts the long-standing, strong
evidence from toxicology studies demonstrating that these exposure levels do not have neurotoxic effects.

The Columbia study has many strengths compared to other epidemiology studies of chlorpyrifos, but it also
has many limitations, many of which have been acknowledged by US EPA and its Scientific Advisory
Panel (SAP) (US EPA, 2012). Based on concems over these limitations, in 2012, the SAP requested
additional data and analyses from the Columbia study researchers to evaluate various limitations and then
strengthen the reliability of the findings for risk assessment, but the researchers did not comply. Issues
related to these studies include:

= These studies relied on only one chlorpyrifos measurement from umbilical cord blood for each
child. Using this one measurement, it is not possible to estimate the actual chlorpyrifos exposure
experienced during gestation or early childhood.

= QOver 40% of children had chlorpyrifos levels that were below the limit of detection (LOD), and
over 80% were below the level of validation. To deal with measurements below the LOD,
investigators used a statistical approach to estimate the unknown measurements, but this greatly
reduced the accuracy of the results.

= 12% of children did not have any cord blood chlorpyrifos measurements, so levels in maternal
blood were used as a surrogate measurement. This has similar issues as described in the previous
point.

#  Children had many other known exposures and lifestyle factors that could have contributed to
neurodevelopmental effects that were not accounted for. Although the Columbia investigators
attempted to account for some of these factors, it was not possible to fully account for all of them.

» In the 2006 study, the authors stated: "In preliminary analyses, we found no indication of ¢ither a
linear or nonlinear dose-response relationship between chlorpyrifos levels and developmental
outcomes." Associations were only reported when the data were manipulated in a specific way.

= Studies at Mount Sinai Hospital and the University of California (UC) at Berkeley do not confirm
the results reported by the Columbia University researchers.
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= There is no established biological mode of action to explain the potential neurodevelopmental
effects reported. The animal data indicate that dose levels that cause adverse neurodevelopmental
outcomes only occur at exposures that inhibit AChE in pregnant rats or offspring. A few subjects
in the UC Berkeley study may have had chlorpyrifos concentrations near the lowest estimate for
10% red blood cell (RBC) AChE inhibition. All other study subjects had chlorpyrifos levels that
were well below all estimates for RBC AChE inhibition.

We also note that OPP has developed guidelines for evaluating potential measurement error in
epidemiology studies for use in risk assessment, but did not adhere to these guidelines for assessing
measurement error in epidemiology studies of chlorpyrifos and neurodevelopmental outcomes. Unresolved
uncertainties about measurement error in the Columbia study could be addressed with additional analyses
of original data, and preliminary quantitative bias analyses of available summary data demonstrate that
positive findings in the Columbia study could be explained by exposure or outcome misclassification.

In conclusion, all of the chlorpyrifos epidemiology studies have been reviewed by multiple parties on
several occasions over the last decade, including the SAP, and several issues have been brought up
repeatedly, but have never been sufficiently addressed by US EPA. Collectively, these studies are not
robust enough to change the weight of evidence based on animal toxicity and mechanistic studies.
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Introduction

In the Revised Human Health Risk Assessment for Chlorpyrifos (HHRA; US EPA, 2014}, the United
States Environmental Protection Agency (EPA) Office of Pesticide Programs (OPP) reviewed results
from several epidemiology studies of prenatal chlorpyrifos exposure and neurodevelopmental outcomes
and concluded that chlorpyrifos exposure likely played a role in observed neurodevelopmental effects.
Applying principles described in its draft handbook for incorporating epidemiology data in risk
assessment, OPP evaluated the potential for measurement error in available epidemiology studies and
discussed its potential impacts on measured associations. OPP's evaluation was not sufficiently rigorous
to provide a thorough, balanced perspective on the cpidemiology Hterature as a whole. We have
identified several specific shortcomings in OPP's assessment of measurement error in individual studies,
especially pertaining to analvses of the Columbia study, the cohort to which OPP assigned the greatest
weight m the overall evaluation of epidemiology evidence,

After discussing these shortcomings, we describe additional analyses that could be conducted by OPP
using raw data from the Columbia study. This additional work could help resolve the remaining
uncertainties regarding possible biases caused by measurement crror, including residual confounding
resulting from measurement error in model covariates. Finally, we present the results of two sensitivity
analyses we conducted to estimate some of the potential impacts of measurement error in the Columbia
study. These analyses were completed using summary data alone and are, therefore, less mformative than
the analyses that would be possible if we had access to raw data. Despite this, our results indicate that at
least some reported associations could be biased by exposure or outcome misclassification.

Specifically, we discuss the following four points:

[. OPP has developed guidehines for evalualing poteniial measurement error in cpidemiology
studies for use in risk assessment;

ta

OPP did not adhere to its own guidelines for assessing measurement error in epidemiology

studics of chlorpyrifos and neuredevelopmental outcomes;

3. Unresolved uncertainties about measurement error in the Columbia study could be addressed with
additional analyses of original data; and

4. Preliminary quantitative bias analyses of available summary data demonstrate that positive

findings in the Columbia study could be explained by exposure or outcome misclassification.

1 OPP Has Developed Guidelines for Evaluating Potential Measurement
Error in Epidemiology Studies for Use in Risk Assessment

Towards the goal of using the results of epidemiology studies in the "most scientifically robust and
transparent way," OPP proposed a draft framework for weighing epidemiology results and integrating
them into risk assessment (US EPA, 2010a), and the office solicited comments from the Federal
Insecticide, Fungicide, and Rodenticide Act (FIFRA) Science Advisory Panel (SAP) as well as the
general public to revise and strengthen the framework.

Several aspects of the framework are relevant to measurements of exposure, outcome, and covariates, and
directly or indirectly refer to the impact of measurement crror or misclassification on observed
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epidemiology associations.! Although the framework lacked specific guidance, it indicated that the most

useful epidemiology studies for risk assessment employ reliable and valid exposure assessment methods.
In addition, OPP stated that one should consider whether covariates relevant to confounding are properly
described, measured, and analyzed. Finally, OPP acknowledged that mmperfect measurements of
exposure or outcome can lead to information bias, which can bias an observed association in either the
positive or negative direction., The framework also stated that statistical methods should be evaluated and
that epidemiology studies incorporated into risk assessment should include complete descriptions of
statistical approaches. This concept applics to measurement error, because choices made in analysis can
introduce or amplify biases arising from various types of measurement error, as we demonstrate with
specific examples below.

The FIFRA SAP reviewed the framework and commended OPP for developing it (US EPA, 2010b). The
SAP retterated the general importance of establishing clear and robust guidelines for evaluating the
guality of epidemiology data, emphasizing "the quality and reliability of the information provided by

SAP recommended that OPP develop a set of specific criteria for determining the acceptability of
epidemiology studies, mcluding the use of sensitivity analyses to test the robustness of study results to
measurement error in exposure as well as covariates used to adjust for confounding. In a recent
publication, EPA scientists from various centers and offices, including OPP, also emphasized the
mportance of sensitivity analyses when applying epidemiology results to human health risk assessment
(Christensen er af., 2015).

In summary, even though the draft framework lacked specific guidance on how measurement error should
be assessed and, importantly, how to integrate epidemiology data into risk assessment when measurement
error is significant, the framework reinforced EPA's values of transparcncy and scientific rigor. Feedback
from the SAP provided OPP with specific suggestions for incorporating quantitative methods for
assessing the impacts of measurement error. Below, we review OPP's evaluation of the epidemiology
data used m the chlorpyrifos risk assessment in light of OPP's draft framework and the SAP's feedback on
it.

2 OPP Did Not Adhere to Its Own Guidelines for Assessing Measurement
Error in Epidemiology Studies of Chlorpyrifos and Neurodevelopmental
Outcomes

In the revised HHRA for chiorpyrifos, OPP reviewed 17 peer-reviewed research reports describing
prenatal chlorpyrifos exposure and neurodevelopmental cutcomes in three children's health cohorts. Of
the three cohorts, OPP placed the greatest weight on the results of the "Columbia study,” a cohort of
minority women and children in New York City, because its exposure assessment was based on cord
blood concentrations of chlorpyrifos. By contrast, prenatal exposure in the other two cohorts (the Mt
Sinat study, which also enrolled minority women and children in New York City, and the CHAMACOS
study, which included mother-child pairs living in an agricultural community in California) was estimated
based on concentrations of chiorpyrifos metabolites in maternal urine. Cord blood chiorpyrifos is
considered to be a superior method for estimating prenatal chlorpyrifos exposure for a number of reasons
{(Prueitt er al., 2011; Eaton et af, 2008). Based largely on the positive associations reported m the
Columbia study publications, OPP concluded that chlorpyrifos "hikely” played a role in
neurodevelopmental outcomes observed in the epidemiology studies,

! The terms "measurement error” and "misclassification” refer to errors in continuous and categorical variables, respectively, and
are not completely interchangeable. For this report we will use the term1 "measurement error” for both types, to be concise,
except in cases when it is necessary to distinguish between the two types of error.
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OPP discussed the general limitations of chlorpyrifos epidemiology studics overall and further detailed
the strengths and weaknesses of individual studies in Appendix 3 of the HHRA (US EPA, 2014).
Limitations described by OPP included measurement error in estimation of exposures, outcome, and
covariates, and, in many cases, OPP qualitatively estimated the potential impacts of error on measured
associations. This tvpe of critical evaluation is in line with the OPP framework for incorporating
epidemiology results mto risk assessment. However, OPP's evaluation overall lacked sufficient rigor and
consistency necessary to provide an accurate, unbiased perspective on the results of the epidemiology
studies reviewed in the HHRA. Below, we identify critical shortcomings in OPP's assessments of
measurement error for each type of measurement (ie., exposure, outcome, and covariate), and then
describe how a more rigorous approach to evaluating these errors would have increased the utility of the
epidemiology results in the chlorpyrifos risk assessment.

Exposure Measurement Error

In Section 2.3 of the HHRA (US EPA, 2014), OPP described general factors leading to errors in exposure
assessment in all three coborts. OPP determined that the challenge of estimating accurate chlorpyrifos
doses during the most relevant periods of development is a major limitation common to all studies.
Sources of measurement error largely stem from the variability in chlorpyrifos biomarker concentrations
over short time scales and the fact that exposure assessment in all studies was based on only one
biomarker measurement {or, occasionally, two). For these reasons, exposure estimates used in analyses
may have differed substantially from true in ufero exposures experienced during critical developmental
periods. In addition, the CHAMACOS and Mt Sinai studies relied on concentrations of pesticide
metabolites (i.e., TCPy and dialkyl phosphates [DAPs]) in maternal urine for exposure assessment.
Concentrations of these metabolites have relatively poor specificity for chlorpyrifos exposure, because
they reflect exposure to other organophosphate pesticides as well as preformed nontoxic TCPy and DAPs
in the environment {(Morgan et «l., 2005; Lu er al., 2005). Therefore, exposure estimates used in the
CHAMACOS and Mt. Sinai studies were affected by additional sources of measurement error beyond
those in the Columbia study.

The HHRA further expanded on aspects of measurement ervor in its detailed reviews of individual studies
(US EPA, 2014, Appendix 3), and, in all cases, it predicted that exposure measurcment error was
nondifferential with respect to neurodevelopmental outcomes. OPP repeatedly stated that because the
errors are nondifferential, they hkely biased observed epidemiology associations towards the null, therehy
masking any true relationships. While it is true that nondifferential exposure measurement error will
often have this effect on measured associations, it is not always the case. Nondifferential error is
guaranteed to bias associations towards the null only under specific conditions, none of which were
critically assessed by OPP or individual chlorpyrifos epidemiclogy researchers.

Several guantitative analyses have demonstrated realistic scenarios under which approximately
nondifferential exposure measurement errors can bias results away from the null (Flegal er of., 1991;
Jurek et al., 2008; Dosemeci ef al., 1990). Jurek et a/. (2008) showed that associations measured in
datascts with low exposure prevalence are especially vulnerable to exposure misclassification that is
nearly, but not completely, nondifferential. Overall, the possibility that exposure measurement error can
bias results away from the null should not be dismissed by OPP, especially considering that it is common
practice for researchers to run multiple statistical models and selectively present the results of models that
vield positive findings. In fact, model selection bias is evident in the Columbia study, as discussed below.

OPP also failed to consider that the practice of categorizing continuous exposure measurements can lead
to exposure misclassification. Statisticians generally discourage using categories when continuous values
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arc available, because deing so results in lower variability and, subsequently, reduced statistical power to
detect true effects (Froslic e af., 2010). Another disadvantage of this approach is that categorizing
confintous exposure measurements affected by nondifferential errors can lead 1o differential
misclassification errors, potentially biasing observed associations in either direction (Flegal ef of., 1991).
In all three children's health cohorts, continuous exposure measurements were grouped into categories for
at lcast some analyses (Barr er ol., 2010; Eskenazi ef /., 2004, 2007; Engel et of., 2007; Berkowitz er al.,
2004; Rauh et al., 2006; Lovasi et al., 2011}, but OPP did not mention any potential biases associated
with this approach.

In addition, there can be more serious consequences of categorizing continuous measures of exposure. A
close look at the statistical methods emploved in the Columbia study indicate that categorization of
continuous chlorpyrifos measurements most certainly biased study findings away from the null. Rauh er
al. (2006) cstimated adjusted odds ratios (ORs) of 2.37 (95% confidence interval [CI]: 1.08-5.19) and
4.52 (95% CI: 1.61-12.70) for mental and psychomotor delay, respectively, in association with high
versus low chlorpyrifos exposure. However, their method of defining high and low exposure groups
likely contributed to false positive results. In the Methods section, the authors stated that preliminary
analyses of Mental Development Index (MDI) and Psychomotor Development Index (PDI) scores
indicated neither a "hinear or nonlinear dosc-responsc relationship between chlorpyrifos levels and
developmental outcomes,” but they provided no details about how this was determined (Rauh er af.,
2006).

Next, they explored associations across various categories of exposure. Continuous chlorpyrifos levels
were categorized into four groups, consisting of concentrations that were less than the limit of detection
(LOD) (n = 80) and tertiles of those that were detectable (i.e., first tertile, n = 65; second tertile, n = 39;

that the strongest associations resulted when exposure groups were redefined in a dichotomous manner,
with low and high exposure groups defined as below and above 6.17 pg/g, respectively, ie., the
concentration cut-off between the third and fourth highest categories of exposure. This description of
preliminary resulis appeared only in the Methods section of the article, as an explanation for the choice of
the 6.17 pg/g cut-point to define low vs. high exposure. By contrast, in the Results section of the article,
Rauh er ¢f (2006) mentioned neither the null findings of their preliminary analysis nor the weaker
associations observed for alternative categorization schemes,

Another source of exposure measurement error that received little attention in the HHRA was the
treatment of nondetectable biomarker readings. Chlorpyrifos cord biood measurements for 43% of the
Columbia cohort fell below the LOD. In Rauh e of. (2011), the values below the LOD were imputed so
that exposure could be analyzed as a continuous variable. Based solely on an assumption of a lognormal
distribution, missing values were assigned an expected value based on the distributional shape. That is,
the nondetectable chlorpyrifos concentrations were assigned the most likely value expected based on the
predicted shape of a log-normal distribution extending below the LOD. In statistics, this expected value
is referred to as "E(X X < LOD)."

The advantage of imputing nondetectable chlorpyrifos concentrations is that all subjects can be included
in the analyses, and the method of imputation used by Rauh er @l (2001) yields unbiased regression
results when the proportion of nondetectable values is small. For example, Lubin er a/. (2004) conducted
simulations to critically evaluate various methods for imputing nondetectable exposure measurements and
the impacts on subsequent regression analyses. When the proportion of nondetectable values was modest
(i.e., 5-10%), substitution of E(X|X < LOD) produced valid results. However, in datasets with larger
proportions of nondetectable values, substitution of E(XX < LOD) resulted in biased coefficients and
standard errors, and Lubin ef ¢f. (2004) concluded that more sophisticated treatments of nondetectable
values, such as multiple imputation, is warranted in this scenario.

GRADIENT 5

ED_002061_00046428-00005



Rauh ef a/. (2011} gave little attention to the possibility that their treatment of nondetectable chlorpyrifos
concentrations may have led to bias. They described a sensitivity analysis in which the regression
analysis was repcated with only the detectable chlorpyrifos levels and stated that they observed "no
consistent differences in estimates.” No data were shown to support this statement, so it 1s difficult to
judge the validity of this argument; also, this sensitivity analysis does not address potential biases in
standard errors, which can affect inferences based on regression results. Furthermore, the investigators'
conclusion about a lack of a threshold at low doses is undermined by the fact that the lower 43% of the
chiorpyrifos concentrations were nondetectable and imputed using a potentially biased approach.

Outcome Measurement Error

In the HHRA, OPP discussed the challenges inherent in accurately measuring neurobehavioral outcomes
in young children and acknowledged potential biases that could have affecied the results of the studies
they reviewed. A single clinical neurobehavioral test result in an individual is not sufficient to consider
an outcome as a functional impairment or illness, even if the result is "abnormal.” Also, studies assessing
single measurements of neurobehavioral outcome at each time point may be subject to additional
measurement error as a result of within-subject variability in results (Eaton er /., 2008). There are many
extraneous factors that affect the results of clinical tests, such as test administrator training and blinding to
exposure status, and the child's physical activity level, diet, medication use, co-exposures, and whether or
not they are obese (Eaton ef a/., 2008). In particular, many of these tests require an advanced level of
training and expertise in test administration (Leonard et a/., 2001). Taken together, these factors indicate
that outcome measurements may have been highly influenced by errors and misclassification.

Despite several hmitations in assessment methods, both OPP and the SAP concluded that the chlorpyrifos
epidemiology studies they reviewed utilized the "best available” measurement tools and conducted testing
in consistent and standardized ways. OPP predicted that most measurement errors in outcome assessment
were nondifferential and that, as a result, any bias in the measured epidemiology results likely would have
been towards the null.  Our previous discussion regarding nonditferential measurement crror applies by
analogy 10 outcome measurement as well. Specifically, nonditferential outcome error does not guarantec
that bias is towards the null, except under very specific conditions. If outcome error is nearly, but not
perfectly, nondifferential in nature, the crror or misclassification can bias associations in either direction,
and studies with rare outcomes are especially susceptible to this (Jurek ef al., 2008). In the case of the
three binary outcomes related o behavioral disorders at 36 months analyzed in Rauh ef o/, (20006), a very
smail number of children were diagnosed as having a behavioral problem, and any outcome
misclassification could have biased associations substantially. We explore this possibility in a
quantitative bias analysis in Section 4, below.

In addition, several continuous measures of neurodevelopmental outcomes were dichotomized for use in
logistic regression, and the choice of cut-points for diagnosing delayed versus non-delayed children may
have strongly influenced resulis. In the Columbia study, scores of 85 on the PDI and the MDI were used
to distinguish between children who were "normal” versus "delayed,” but no rationale or citation for this
specific cut-point was provided. In contrast, other sources indicate that the typical cut-offs for moderate
and severe development delay using the BSID-IE are 70 and 55, respectively (Bos, 2013). In the absence
of justification for a cut-off of 85, it is plausible that the categorics have been defined to maximize
positive findings, as was the case for exposure categories, described above.

Finally, OPP briefly noted that differential errors are possible in one outcome assessment tool, the Child
Behavior Checklist (CBCL). Aside from a brief mention of this possibility, however, OPP did not discuss
the potential impact that utilizing this tool may have had on study findings (Eskenazi ef of., 2006, 2007;
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Rauh et al., 2006). The CBCL is a survey completed by mothers and is based on subjective judgment of
child behavior. It is feasible that mothers would be more or less likely to report behavioral issues based
on study results at earlier time points in the follow-up period. For example, mothers who tested high for
chlorpyrifos or other chemicals at the initiation of the study may have been more likely to suspect that this
exposure could be the cause of behavior disorders and, therefore, may have been morve lhikely to over-
report problematic symptoms their child developed at later time points.

If mothers of children in higher exposure categories differentially over-reported child symptoms at age 36
months on the CBCL, effect estimates would have been biased high. Given the very small number of
children identified as having behavioral problems based on the CBCL in Rauh ef /. (2006), the impact of
only one or two misclassified children could have had a profound impact on the measured associations.
Rauh er al. (2006) did not present counts of children with and without behavioral problems in cach
exposure group, but Table 3 in their paper shows that only 3.4% of the cohort was diagnosed with
attention problems at 36 months. This indicates that there were seven children diagnosed with attention
problems, cut of the cohort of 228 children. This small number of children in the chinical range for
attention problems is reflected in the very wide Cls calculated in the multivariate logistic regression (OR
=11.26, 95% CI: 1.79-70.99 for attention problems) and indicates the risk estimate is not stable.

Covariate Measurement Error

The HHRA noted that several important confounding factors may have biased the results of the
chlorpyrifos epidemioclogy studies OPP reviewed in cither positive or negative directions. The potential
for confounding in these studies is especially high because several maternal characteristics are strongly
associated with both exposure and outcome. For example, as acknowledged by OPP in the HHRA, ample
research has cstablished that carly hfe neurodevelopment is positively associated with indicators of
ncreased sociceconomic status (SES).  Quantitative analyses have demonstrated that epidemiology
studies of low dose environmental exposures and neurodevelopmental outcomes can be confounded by
maternal intelligence, home environment, and SES, even if differences in these factors between exposure
groups are small (Mink ef al., 2004). Mink ef of. (2004) found that substantial confounding can occur
even when these variables are measured and included as adjustment variables, because measures of SES
are often inaccurate and residual confounding may persist in multivariate regression.

OPP claims that the issue of confounding was addressed, in part, by the restriction of study cohorts to
relatively homogeneous populations. However, women enrolled in each of the three cohort studies
displayed a substantial amount of heterogeneity in several ways. For examiple, significant associations
between outcomes and multiple maternal characteristics, including environmental tobacco smoke (ETS)
exposure, material hardship, and maternal 1Q were observed within the Columbia study cohort,
demonstrating that confounding was likely (Rauh er ol., 2004, 2011). Likewise, in the CHAMACOS
cohort, higher DAPs were measured in mothers with lower intelligence and lower HOME scores (i.e.,
lower measures of the quality of care-taking environmient) (Bouchard ef af., 2011).

Even though all the chlorpyrifos epidemiology studies employed multivariate analyses to mitigate
confounding, measurement error in covariates Hmils the effectiveness of the statistical adjustments.
Maternal smoking, drug use, and drinking during pregnancy were ascertained by self-report, and these
stigmatized behaviors are likely under-reported by many women. It is striking that, despite this, the
prevalence of drinking during pregnancy in the Columbia cohort was estimated to be 25% (Whyatt ef of.,
2004), but none of the Columbia study analyses considered confounding by alcohol use. In fact, this
maternal behavior was not mentioned in any reports that followed Whyatt ef o/, (2004). OPP indirectly
addressed this topic by noting that a small number of women used alcohol in the Columbia cohort and
citing the low percentage of women who reported engaging in "heavy drinking.” Because a substantial
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proportion of the Columbia cohort reported drinking, and prenatal alcohol exposure may confound the
relationship between chlorpyrifos and outcomes, reported associations may have been biased.

In addition, data on some covariates were collected as continuous measures but then dichotomized for use
m multivariate analysis, thereby artificially reducing the variability and effectiveness of statistical
adjustment (Rauh er of., 2006; 2011; Eskenazi ef af., 2007). This practice is commonly discouraged by
statisticians (Altman, 2006), and this is an important limitation of the Columbia study in particular.

Covariate measurement error is also likely to have limited researchers' ability to determine what factors
confound epidemioclogy associations. Columbia study researchers asserted that certain factors could not
confound relationships on the basis of statistical significance testing. For example, they concluded that
because correlations between blood lead levels and both exposure and outcome were not significant, lead
was not a confounder; OPP agreed with this assessment. However, correlation was assessed in a
subsample of only 89 mother-child pairs, and the test was likely underpowered to detect true associations,
Neither OPP nor the rescarchers considered that small sample sizes and measurement error in covariales
limited the statistical power to detect irue associations. OPP discussed limited samples sizes and
measurement error elsewhere in the HHRA, but only as factors that may have masked true associations.
In contrast, the HHRA generally did not give attention 1o the methodological limitations that may have
had the opposite effect.

This use of statistical significance testing for assessing whether a certain factor acts as a confounder and,
Likewise, for selecting covariates to inchude in adjusted models is generally discouraged by
epidemiologists (Rothman ef af., 2008). Interestingly, OPP noted this several times in the HHRA in
reviews of individual studies, but only applied the criticism to the CHAMACOS and Mt. Sinai studies.
Columbia study analyses should be held to the same standard; OPP should more closely scrutinize the
decisions researchers made regarding model covariates and the resulting potential for residual
confounding,

Shortcomings in OPP’s Overall Summary of Measurament Errors in Chlorpyrifos Epidemiclogy
Studies

In the HHRA's overall integration of epidemiology evidence, the relative impacts of exposurc
measurement error and residual confounding were directly compared. OPP concluded that, even though it
is possible that residual confounding biased observed epidemiology associations away from the null, this
bias was likely weaker than the effects of nondifferential exposure measurement ervor, which OPP
maintained biased results towards the null. OPP indicated that this argument was supported by a review
of exposure measurement error and confounding in occupational epidemiology studies (Blair ef a/., 2007).
However, Blair er a/. (2007) is not directly applicable to chlorpyrifos epidemiology rescarch, because
cxposure assessment in occupational settings iypically involves record reviews or retrospective self-
reports; these methods are much more susceptible to measurement errors, including differential errors
such as recall bias. In contrast, the chlorpyrifos epidemiology studies that OPP reviewed in the risk
assessment depended on objective biomarker measurements of exposure, which are far less susceptible to
differential measurement errors.

More carcful consideration of the magnitude and implications of exposure, outcome, and covariate
measurement errors in these studies is needed. As we discussed in depth above, there are many ways by
which measurement error, even when nondifferential, may have contributed to false positive findings
between chlorpyrifos and neurodevelopmental outcomes.  Without additional evaluation, OPP's
conclusion that chlorpyrifos exposure likely played a role in neurodevelopmental effects is not well
supported.
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3 Unresolved Uncertainties About Measurement Error in the Columbia
Study Could Be Addressed with Additional Analyses of Original Data

Following two SAP reviews of the draft chlompyrifos HHRA, OPP determined that certain areas of
uncertainty limited the incorporation of Columbia study results into the risk assessment (US EPA, 2008,
2012). OPP therefore requested that Columbia study rescarchers provide the original analytic file used to
conduct the analyses reported in Rauh er of. (2006; 2011) and Whyatt er ol (2004), so that uncertainties
could be carefully evaluated. Columbia researchers refused the request, but agreed to meet with OPP
researchers to address OPP's concerns.  Based on the discussion at this meeling and additional
mformation subsequently provided to OPP on request, OPP dropped its previous request for original data
(US EPA, 2014, Appendix 6, p. 384).

However, several key uncertainties were inadequately addressed by the additional information and
analyses, and OPP should renew the request to access the studics’ original raw data. In this section, we
describe several analyses that should be conducted using the raw data to address the remaining
uncertainties about measurement error in the Columbia study. Deing so would help OPP achieve its goal
of transparency while also critically evaluating epidemiology data utilized in the risk assessment. This is
especially important for the Columbia study, given the greater weight it received in the HHRA evaluation.

None of the analyses we suggest below require additional data collection and most are simple to perform,
with results that are casy to imterpret. Our final suggestion is a more in-depth analysis aimed at
accounting for multiple errors and uncertainties simultaneously. This type of quantitative bias assessment
would be more difficult to conduct and iterpret, but the results would provide critical insighis into the
potential impact of exrors on the chlorpyrifos epidemioclogy studies that OPP evaluated. Researchers in
academia, government, and industry have called for an increased use of such methods to improve the
utility of epidemiology data in human health risk assessment (Burns et o/., 2014).

Methods of Adjusting for Potential Confounders

OPP maintained that Columbia study researchers addressed the potential for confounding "to the extent
possible,” but we believe that additional analyses could provide meaningful msight into the magnitude of
residual confounding in reported associations. Simple analyses should be conducted to test the assertion
of both OPP and Columbia investigators that lead, polycyclic aromatic hydrocarbon (PAH), alcohol, and
ETS exposure did not confound the positive associations between chlorpyrifos and neurodevelopment.
Rather than rely on correlational analyses and the results of statistical significance testing, the main
findings of the Columbia study should be re-analyzed to determine whether results are sensitive to the
melusion of lead levels, PAH exposures, and reported maternal drinking. Lead exposure data were
available for only a subset of children, but missing values could be imputed fairly easily using other
available characteristics of mothers and children.

Similarly, additional analyses should explore whether factors that have been dichotomized for
multivariate analysis (e.g., years of maternal education and houschold income) have a stronger impact on
measured associations when included in the model as continuous variables.
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Treatment of Missing Data

OPP should evaluate whether the method used to impute missing chlorpyrifos measurements in Rauh er
al. (2011) could have biased regression coefficients or affected the size of standard crrors.  With the
original dataset, OPP could assess whether the results of regression are sensitive to variations on the
mputation method employed. Simulations conducted by Lubin ef /. (2004) showed that the regression
results were highly sensitive to the methods used to impute exposures below the LOD, especially when
the proportion of missing data is relatively large, as is the case in the Columbia study.

Ad hoc Cut-points Chosen for Categorization of Exposure, Outcome, and Covariate Variables

As described above, the Columbia researchers used inappropriate methods 1o define high- and low-
exposure groups for analyses of several neurcbehavioral outcomes (Rauh ef af., 2006). Similarly, cut-
points for the dichotormmzation of ouicomes from continuous measurements appeared to be arbitrary. In
fact, it is possible that these two potential sources of bias were compounded in the analyses of
dichotomized exposures and outcomes. The small numbers of cases in high-exposure categories (see
Table 1) increases the likelihood that minor variations in the cut-points could have substantial impacts on
the counts of exposed cases and noncases and, subsequently, on measured associations (Jurek et o/,
2008).

To rigorously assess whether key epidemiology findings from the Columbia study arc sensitive to cut-
points, further analyses should be conducted in which main effects are recalculated for a variety of
exposure and oulcome category cul-points. An analogous sct of sensitivity analyses focused on the cut-
points applied to dichotomized confounders, such as years of maternal education, shouid be conducted as
well.

Variations in Subject Characteristics Before and After the Chlorpyrifos Ban

In the Columbia study, exposures to chlorpyrifos dramatically decreased across the 6-year period during
which enrolled mothers gave birth. As a result, chlorpyrifos exposure is strongly correlated with calendar
time in this cohort. If characteristics of the enrolled subjects varied over time, a false association between
chiorpyrifos and neurobehavioral outcomes could have occurred. [f recruiting strategies or locations
changed across the 6 years of subject enrollment, for example, 1t is plausible that women recruited later in
the study period were consistently higher or lower in SES or some other factor strongly associated with
child neurodevelopment. Even though researchers atiempted to conirol for SES-related factors in their
analyses, residual confounding was likely to have occurred, for the reasons discussed above. Close
mspection of maternal characteristics and patterns over time may indicate that the characteristics of
enrolied women shifted over the recruitment period, and this should prompt increased scrutiny on the
methods used to control for confounding.

Probabilistic Bias Assessment of Multiple Measurement Errors and Biases

Finally, a detailed quantitative assessment of potential biases should be conducted with the original data
from the Columbia study. As an alternative to the deterministic approaches to assessing potential biases
one-by-one, described above, probabilistic methods could be employed o explore the impact of exposure
and outcome measurement error, selection bias, and unmeasured confounding simultaneously. Use of the
original datasets would ensure that the correlation structure is preserved. For this analysis, estimates of
the magnitude of differential and nondifferential errors in exposure and outcome measures are assumed,
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and uncertainty in these parameters is modeled using distributions of plausible values. Then, Monte
Carlo sampling of parameters from probability disiributions and reanalysis of the dataset over thousands
of iterations preduces distributions of effect estimates that reflect uncertainty, bias, and variability in
measured associations. Several examples of this approach can be found in the literature, and researchers
have called for increased utilization of these methods in epidemiology studies (Maldonado, 2008; Lash
and Fink, 2003; Meliker ef o/, 2010; Lash, 2009).

4 Preliminary Quantitative Bias Analyses of Available Summary Data
Demonstrate That False Positive Findings in the Columbia Study Could Be
Explained by Exposure or Qutcome Misclassification

In the absence of original individual-level data, quantitative bias analyses can be conducted using
summary data of the type generally presented in research publications (Lash, 2009). Even though this
type of sensitivity analysis is less informative than that which is possible with individual-level data, these
analyses can provide important insights into the potential ramifications of measurement error, selection
bias, and/or unmeasured confounding on reported associations. We provide two examples of
deterministic sensitivity analyses below, both of which were conducted using the summary results
provided in Rauh er al. (2006). The first is a deterministic analysis illustrating how the choice of
exposure cut-points is highly mfluential on estimated ORs for psychomotor and mental delay associated
with various categorics of chlorpyrifos exposure. As we discussed above, this variability in ORs may
have led to false positive findings if researchers chose cut-pomts to maximize associations. The second
analysis is a deterministic analysis of the potential impact of differential outcome misclassification on
reported rejationships with CBCL-derived outcomes in Raub er o/, (2006).

Sensitivity of Epidemiology Results to Variations in Exposure Categorization

Rauh et ¢f. (2006) reported an adjusted OR of 2.37 (95% CI: 1.08-5.19) for mental delay and an adjusted
OR of 4.52 (95% CI: 1.61-12.70) for psychomotor delay in association with high versus low chlorpyrifos
exposure. In response to a request from the FIFRA SAP, the authors provided a more detailed breakdown
of cases and noncases across four exposure categories (Table 1).

Using these data, we have calculated crude ORs to explore the variation in ORs observed using four
separate schemes of exposure categorization.” Calculation of adjusted OR is not possible without raw
data, so we have conducted this analysis with unadjusted risk estimates; we expect that similar patterns
would result in multivariate analyses as well. As shown in Table 2 and 3, the magnitude and precision of
results is highly sensitive to methods used to model exposure. The interpretation of the main findings of
Rauh er al. (2006) is impacted by this inconsistency in risk estimates across categorization schemes as
well as the investigators” selective presentation of the strongest and most precise risk estimates in their
publication,

Analysis of Bias from Qutcome Misclassification

We conducted a quantitative bias assessment to determine whether risk estimates for the three CBCL-
derived outcomes (atiention problems,’ attention deficit hyperactivity disorder [ADHDY] problems, and

2 ORs were caleulated in the traditional method using a 2 x 2 table: OR= (# diseased in exposed group)y*(#f nondiseased in
unexposed group)/[{# diseased in unexposed group)*(# diseased in unexposed group)].

* Rauh ef af. (2006) described outcomes as attention, ADHD and PDD "problems” based on the 98% percentile of CBCL scores in
each domain, and we use the same wording here.
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pervasive developmental disorder [PDD]) reported by Rauh er ol (2006) could be affected by outcome
misclassification. As we discussed above, a small number of children were classified as having ecach
problem at 36 months of age, ranging from 7 children identified as having attention problems to 11 with
PDID problems. Because CBCL resulis are based on subjective reports of mothers and because parents of
children found to be highly exposed to chlorpyrifos during pregnancy may be more likely to report health
problems, it is feasible that some exposed children were misclassified as having a behavioral problem.

To explore the impact of misclassification of one, two, or three exposed children on risk estimates, we
reconstructed 2 x 2 tables for CBCL outcomes based on percentages presented in Table 3 of Rauh er a/.
(2006). Only adjusted ORs were presented in the paper, but we did not have access to individual-level
data and, so, conducted our analysis instead using crude ORs in the same method described above. We
expect that impacts of misclassification would be similar in an adjusted analysis.

As shown in Table 4, misclassification of a small number of children in the exposed category would have
a dramatic impact on the magnitude of risk estimates for these three outcomes. This indicates that the risk
estimates reported by Rauh er af. (2006) may be vulnerable to outcome misclassification, even ifonly 1 or
2 children out of the 228 in the cohort were tfalscly identified as having a behavioral problem based on
subjective parental reports. It is mnportant to note that misclassification of outcome may have been
differential, or it may have been nondifferential, but by random chance affected the high exposure
category specifically. Regardless of the mechanism, the impact of a very small amount of
misclassification would be substantial.

5 Conclusion

OPP established a framework for mcorporating epidemiology research into risk assessment, which
inchides an evaluation of the accuracy of exposure, outcome, and covariate measuremenis.  In the
chlorpyrifos HHRA, OPP critically assessed the nature and magnitude of errors in these measurements for
mdividual epidemiology studics, as well as for the body of rescarch as a whole. However, the HHRA's
evaluation of the impact of these errors was not sufficiently rigorous or consistent. OPP could greatly
improve the utility of the Columbia study cpidemiology resulis for risk assessment by conducting
quantitative bias anaiyses such as those we described in Section 4 or by renewing the request for original
data from investigators to pursue more substantial bias analyses, as we described in Section 3. As other
researchers have noted, it is crucial to conduct quantitative sensitivity analyses when important policy
decisions are to be based on the results of epidemiology research {(Jurek er /., 2008; Christensen er af.,
2015; Burns er /., 2014),
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Table 1 Columbia Study Subjects Defined as Developmentally Delayed Based on MDI and PDi
Scores Measured at 36 Months of Age in Each of Four Chlorpyrifos Exposure Groups Designated
by Rauh et ol. {2006)° These data were used in the sensitivity analyses summarized in Tables 2 and
3.

Group 1 Group 2 Group 3 Group 4
Outcome <10D 1" Tertile >LOD | 2" Tertile >LOD | 3" Tertile > LOD
{n =80} {n=65) {n=38or39)° {n =45 or 44)"
POl Psychomotor delay 7 3 3 11
Ne delay 73 62 35 34
VDI Mental delay 30 14 11 20
No delay 50 51 28 24
Notes:

LOD = Limit of Detection; MDI = Mental Development Index; PDI = Psychomotor Development Index.
{a} Table adapted from US EPA {2014, Appendix 2, Attachment 1}. Psychomotor and mental delay defined as PDI and
MDI scores < 85 by Rauh et al. {2006},
{b} The number of subjects in the two highest tertiles of exposure was inconsistent between the two outcomes.
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Table 2 Odds Ratio for "Mental Delay” Calculated for Various Chlorpyrifos Exposure Categorization Schemes {Rauh et
al., 2006)° Rauh et al. (2006) presented results only for the exposure categorization scheme that maximized associations
with mental delay. As shown here, associations calculated using a variety of other categorization schemes demonstrate
that their choice of defining dichotomous exposure groups likely biased results away from the null.

Group 1 Group 2 Group 3 Group 4

Exposure Categorization - nd C

<lOD 1 Tertile>lOD | 2 Tertile>lOD | 3 Tertile>LOD
Groups 2, 3, 4 {(high) vs. Group 1 (low) Reference 0.73 (0.41, 1.29)
Groups 3, 4 (high) vs. Groups 1, 2 {low) Reference | 1.37 (0.78, 2.42)
Group 4 (high) vs. Groups 1, 2, 3 (Iow)b Reference 1.95(1.00, 3.83)
Groups 2, 3, 4 Individually (high) vs. Group 1 {low) Reference 0.46 {0.22,0.96) | 0.65(0.29, 1.50) 1.39(0.66, 2.93)

Linear trend p = 0.49
Trend Across Four Dose Groups . .
OR = 1.09 (0.85, 1.40) for each increase in category

Notes:
LOD = Limit of Detection; OR = Odds Ratio.

{(a} Crude ORs for "Mental Delay" {i.e., MDI score < 85) were calculated using counts of subjects in Table 1. Statistically signification associations at a

95% confidence level are highlighted in bold.
{b) The categorization scheme used by Rauh et al. {2006).
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Table 3 Odds Ratio for "Psychomotor Delay" Calculated for Various Chlorpyrifos Exposure Categorization Schemes (Rauh
et al., 2006)° Rauh et al. (2006) presented results only for the exposure categorization scheme that maximized associations
with psychomotor delay. As shown here, associations calculated using a variety of other categorization schemes
demonstrate that the choice of defining dichotomous exposure groups likely biased results away from the null.

Group 1 Group 2 Group 3 Group 4

Exposure Categorization w. i . o .

< LOD 1 Tertile>10D | 2 Tertile>lOD | 3 Tertile>LOD
Groups 2, 3, 4 {(high) vs. Group 1 {low) Reference 1.35{0.54, 3.41)
Groups 3, 4 (high) vs. Groups 1, 2 {low) Reference 1 2.73 (1.16, 6.48)
Group 4 (high) vs. Groups 1, 2, 3 (Iow)b Reference 4.23 {1.75, 10.2)
Groups 2, 3, 4 Individually (high) vs. Group 1 (low) Reference 0.50(0.13, 2.03) ] 0.89(0.22,3.67) | 3.37{1.20, 9.46)
Trend Across Four Dose Groups Linear trend p = ?'016 .

OR =1.59 {1.01, 2.31) for each increase in category

Notes:
LOD = Limit of Detection; OR = Odds Ratio.

{a) Crude ORs for "Psychomotor Delay" {i.e. PDI score < 85) were calculated using counts of subjects in Table 1. Statistically signification associations at

a 95% confidence level are highlighted in bold.
{b) The categorization scheme used by Rauh et al. (2006).
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Table 4 Sensitivity Analysis of Outcome Misclassification for CBCL-Derived Outcomes in Rauh et al. (2006)° Mothers of
children with high prenatal exposure to chlorpyrifos may be more likely to report symptoms on the subjective CBCL
survey. We recalculated ORs for CBCL-derived outcomes based on a scenario in which 1, 2 or 3 children in the high
exposure category were misclassified as having each outcome. Our results show that misclassification of a small number
of exposed subjects strongly attenuates the magnitude of associations.

Cutcome

Reported ORs

Crude ORs Calculated Assuming 1, 2, or 3 Exposed Subjects
Misclassified with a "Problem”

Crude Adjusted

1 Subject 2 Subjects 3 Subjects

Attention Problems

11.31{1.75,120.89)  11.26 (1.79, 70.99)

8.83(1.20,99.31) 6.46(0.71,78.73)  4.20(0.29, 59.07)

ADHD Problems

5.59(1.14,29.20)  6.50 (1.09, 38.69)

4.36 (0.77,24.26)  3.20(0.45,19.54)  2.08 (0.18, 15.01)

PDD Problems

2.45 (0.50, 10.15) 5.39 (1.21, 24.11)

1.80(0.29,8.26)  2.05(0.18,14.76)  1.00 (0.20, 10.44)

Notes:

ADHD = Attention Deficit Hyperactivity Disorder; CBCL = Child Behavior Checklist; OR = Odds Ratio; PDD = Pervasive Developmental Disorder.

{a) The reported crude and adjusted ORs for behavioral outcomes associated with high vs. low chlorpyrifos exposure were presented in Rauh et al.
{2006). The recalculated crude ORs were determined based on an assumption that one or more children in the high exposure category were
misclassified as having a "CBCL-related problem." Statistically signification associations at a 95% confidence level are highlighted in bold.
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Dr. Steve Bradbury

Office of Pesticide Programs {7504P})
U. S. Environmental Protection Agency
One Potomac Yard

2777 5. Crystal Drive

Arlington, VA 22202

CHLORPYRIFOS - A SCIENTIFIC PERSPECTIVE ON THE RELIABILITY AND UTILITY OF INFORMATION FROM EPIDEMIOLOGY
STUDIES

Dear Dr. Bradbury,

it is our understanding that the Office of Pesticide Programs {OPP) is preparing a revised human health risk assessment
for chiorpyrifos and that this risk assessment could be available for public comment in 2014. As OPP health scientists
work toward completion of this task, existing epidemiology data must be considered in addition to many other complex,
technical toxicology datasets that have been developed for chlorpyrifos over a number of years.

in considering epidemiology data, it is important that the data be critically evaluated to determine whether they are
sufficient to inform risk assessment. Though robust epidemiologic studies have the potential to be useful, prefiminary
and incomplete studies are often used to fuel sensationalized media messages that may lead to unwarranted public fear
and confusion. A recent example of how certain epidemiology studies have been misrepresented and pushed beyond
what can reasonably be concluded for chlorpyrifos is the September 3, 2013 article by the Pesticide Action Network in
Mother Earth News, entitled, “Pesticides in Food are Keeping Children From Learning.”

£pA‘s Scientific Advisory Panel noted in 2010 when commenting on the Office of Pesticide Programs {OPP) proposed
framework to incorporate human studies in its health risk assessments: “like alf information considered in risk
assessments, the quality and reliability of the information provided by epidemiologic studies needs to be closely
scrutinized.” Thus, Dow AgroSciences {DAS) would like to take this opportunity to provide you with a scientific
perspective on the reliability and utility of the information provided within the epidemiology studies available for
chlorpyrifos. We have engaged scientists within DAS as well as qualified external scientific and regulatory consultants to
prepare the attached white paper. Within this paper, a number of citations are provided to support the points, which we
hope will be useful to the assessment team. We would he happy to answer guestions on the document or provide any
additional clarifications or information you or your scientific staff may need.
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Epidemiology Studies Pertaining to Chlorpyrifos Exposures:
Considerations of Reliability and Utility
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Summary

The utility and application of epidemiology data in risk assessment and regulatory decision-
making has received considerable attention in recent years and continues to be vetted by the U.S.
Environmental Protection Agency (USEPA) when evaluating chemical risk to human
populations (e.g., SAP 2010). For the insecticide chlorpyrifos, there exists a growing number of
studies that may inform the risk assessment for this chemical, although one cohort investigated
by Columbia University is being considered by the USEPA as providing evidence for the
relationship between chlorpyrifos exposure and children’s development and cognitive function
(i.e., Rauh et al., 2006, Rauh et al., 2011; Whyatt ef al., 2004). A critical analysis of published
information from varying scientific disciplines and perspectives reveals that findings from this
singular cohort have limitations, including reliability of reported results, exposure to other risk
factors, lack of reproducibility of findings in other studies, and incompatibility with the
voluminous toxicology database for chlorpyrifos (Eaton ef al., 2008; Prueitt ef al., 2011; Li et
al.,2012; Burns et al., 2013). In fact, the European Food Safety Authority (EFSA) recently
concluded in its review on epidemiological studies linking exposure to pesticides and health
effects that there is “no evidence” to suggest an association between pesticide exposure and
neurodevelopmental related outcomes, due to a number of deficiencies in the available data
(Ntzani et al., 2013). This EFSA review included neurodevelopment/IQ studies on chlorpyrifos
that were published in 2006 and later. The totality of problems relating to the reliability of the
reported findings on the Columbia cohort renders the study inappropriate for risk assessment.
The study is not useful for informing the question of whether neurodevelopmental effects occur
at exposure levels lower than those associated with acetylcholinesterase inhibition or for
"bounding" dose-response estimates from animal studies.

The following are key reasons for our position:

1. The analytical method used in the Columbia study has not been validated at the low
concentrations reported in maternal/cord blood from Columbia study subjects. Also, the
exposure assessment picture is incomplete for chlorpyrifos (and other chemical
exposures), given that the reported effects on neurodevelopment (which is a continuous
process throughout pregnancy and during early infant and childhood years) are predicated
upon a single exposure measurement (snapshot in time).
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2. There is a lack of credible scientific evidence to support the biological plausibility of the
Columbia cohort findings at the exposures reported. The animal database for chlorpyrifos
is one of the most robust across all chemistries and it is not possible to explain adverse
neurodevelopmental effects occurring below the threshold point of departure for
acetylcholinesterase without significant speculation and conjecture.

3. Chlorpyrifos cannot reliably be deemed as a causal factor for the reported
neurodevelopmental effects. There are credible alternative explanations for the observed
effects. In particular, influences of other chemical and nonchemical stressors could
contribute to or account for the reported associations of impaired neurodevelopment in
the Columbia study. Also many of the outcomes reported may be chance occurrences,
given the methods used to assess cognitive function.

4. When considering the specificity of biomarkers for chlorpyrifos exposure and lack of
concordance across reported outcomes, the results reported in the Columbia study have
not, in effect, been replicated or confirmed in other independent studies.

5. Although sufficient information is available to identify the serious limitations with the
Columbia study, nonetheless the data on which the Columbia study findings are based
have not been shared in a public format for further independent evaluation by either
government agencies or other interested investigators. This is not only counter to the
principles of transparency in federally funded research, but precludes further scientific
analysis which could ultimately assist in rendering a more informed and objective
analysis of the data.

1. The analytical method used in the Columbia study has not been validated at the low
concentrations reported in blood:

Because a majority of samples from the Columbia cohort are below the validated limit
of detection (LOD) for chlorpyrifos analysis in plasma/serum, any conclusions
regarding outcomes and associated exposure based on chlorpyrifos levels < 15
picograms (pg)/gram (g) are not reliable. This impacts the reliability of the correlation
analyses between exposures and most outcomes since the study dichotomized exposure
as “low” and “high” using 6.17 pg/g as its cut point (Whyatt ef a/., 2004; Rauh et al ,
2006). When all values are used in linear analyses, such as when evaluating IQ (Rauh
et al., 2011), there may be substantial misclassification of exposure.

It is a basic foundation of the scientific process that researchers must show that a
quantitative exposure measurement is accurate, precise, and reproducible across the
range of values determined within a study. For example, the USEPA method validation
guidelines call for replicate determinations of analyte recovery from a given matrix
(substrate) down to the stated LOD (USEPA 1998). However, this has not occurred
within the Columbia study. There were no data generated during validation of the
plasma/serum analysis method (Barr ef a/., 2002) or during the subsequent analysis of
the Columbia cohort samples to show that chlorpyrifos levels could be accurately
measured in plasma/serum matrix down to the stated LOD of 0.5-1 pg/g (note: authors
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use LOD term when discussing limit of quantitation). The lowest concentration for
which analyte recovery in plasma/serum was determined using this method was 15
pg/g. This is a critical point, as more than 80% of the Columbia subjects had levels
below this validation level. Further, there was no evaluation of possible sample
contamination during blood collection in the hospital, processing to plasma, or during
shipment to the CDC. Analysis of sample integrity is a critical parameter of all
biomonitoring studies, especially those at the trace levels reported for this cohort. Note
that Barr ef al. (2002) also reported background chlorpyrifos levels of 9 pg/g in control
serum samples, 50% higher than the “high” exposure Columbia cohort criteria, the
source of which was never determined. Finally, the CDC has stated that chlorpyrifos
blood measurements from the 2003-2004 NHANES survey will not be released because
the CDC lab was not able to meet its own QC/QA (Quality Control/Quality Assurance)
criteria for the assay (personal communication, CDC). This is the same method used in
the Columbia study, so any decisions based on the use of such methodology should be
highly scrutinized.

2. There is not a supportable basis for biological plausibility:

Based on a consideration of all available data, acetylcholinesterase inhibition (AChEI) data
remain the most sensitive and robust source of dose-response data for deriving points of
departure for chlorpyrifos (EPA SAP 2012, p. 28). Currently, there is no established biological
mode of action to explain the potential neurodevelopmental effects reported in the Columbia
study (EPA SAP 2012, p.30). Based on reliable animal experimentation, neurodevelopmental
and/or behavioral effects have been reported at higher exposures, i.e., at or above 1.0 mg/kg
body weight per day which appears to be a threshold below which neurodevelopmental effects
have not been reported (Li ef al., 2012; Maurissen et al., 2000; EPA SAP 2012, p. 36). As noted
by the SAP in 2012 (p.36), " . . . effects of CPF at 1 mg/kg are difficult to interpret because of
methodological limitations, inconsistencies, and variation in study design, sometimes lack of
control for litter effects, oversampling issues, behavioral methods used, and lack of dose-
response findings. At doses exceeding 1 mg/kg, the data show somewhat more consistency, but
even here, dose response experiments are the exception.”

The threshold of 1 mg/kg/day is 30-fold higher than the threshold of 0.03 mg/kg/day for
the most sensitive red blood cell (RBC) AChEI metric (USEPA 2011 p. 25). The
quantitative dose response data for AChEI are especially robust and comprehensive,
and include data at the time of peak effect from different ages including rat fetus, young
pups, and pregnant and non-pregnant adult rats (Mattsson ef al., 2000; Maurissen ef al.,
2000, Marty and Andrus, 2010).

This threshold of 1 mg/kg/day is also at least 5,000 times higher than estimated
exposures from the Columbia study. Lowe ef al. (2009) estimated prenatal chlorpyrifos
exposure levels in the Columbia study to be 0.15 ug/kg/day based on mean maternal
and cord blood concentrations reported by Whyatt ef al., 2005. These dose levels do
not produce RBC AChEI in humans (Garabrant ez a/., 2009; Farahat e a/., 2011).
Using a biomonitoring equivalent approach, all blood concentrations for the Columbia
study subjects, as well as those of other epidemiology cohorts, were predicted to be
well below the level of RBC AChE inhibition (see Attachment A).

3
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One hypothesis that has been put forth is that the neurodevelopmental effects at these
low dose levels are a result of hypothetical non-cholinergic modes of action reported in
the animal literature. However, as discussed previously, the animal literature indicates
that dose levels that cause adverse neurodevelopmental outcomes only occur at
exposures that inhibit AChE in pregnant rats or offspring (Li ef al., 2012; Prueitt et al ,
2011). Thus, the scientific data support that neurodevelopmental effects attributed to
chlorpyrifos in the rodent occur at doses at or above 1 mg/kg/day. Based on the animal
model, it would take significant conjecture and speculation to conclude that altered
neurodevelopment in humans resulting from non-cholinergic pathway perturbations
would occur at doses lower than those associated with AChE inhibition.

3. There are credible alternative explanations for the neurodevelopmental effects observed in the
Columbia study:

Chlorpyrifos cannot reliably be deemed a causal factor for the neurodevelopmental effects
reported by Columbia University. Alternative explanations are credible and present themselves
logically when considering exposure measurement error (as discussed under point #1 and
below), the incompatibility with the rodent model (as discussed under point #2), methodological
issues with analysis of data (as discussed below and in Attachment B), exposure to other toxic
chemicals, including neurotoxicants, and the published literature documenting that children who
grow up in poverty or low income households have difficulties with neurocognitive function. In
commenting on the Columbia University study findings, an independent group of experts
acknowledged, “7he authors attempted to control for confounding factors, including other
known neurodevelopmental risk factors in this inner-city cohort, such as maternal perinatal
smoking and alcohol; nevertheless, it is difficult to dismiss the contribution of these and perhaps
other confounding factors” (Eaton ef al., 2008).

The mothers and children within the Columbia study who had measurable exposures to
chlorpyrifos were also exposed to other chemicals that have the potential to subtly or profoundly
affect child neurodevelopment. For example, the Columbia cohort was exposed to polycyclic
aromatic hydrocarbons (PAHs), which were reported to be associated with neurodevelopmental
effects in these same children (Perera ef al., 2006). Also, lead levels are an important variable in
the Columbia study, especially for low-income families living at or near the poverty level. Blood
lead levels have consistently been correlated with 1Q loss (Healey et al., 2010), as well as
achievement and behavioral deficits (Chandramouli et al., 2009). Lead levels were not properly
controlled in the Columbia study (Rauh et al., 2006, 2011) for the entire sample, and it is
plausible that associations between chlorpyrifos and neurodevelopmental effects could be
partially or wholly attributable to lead (see Attachment B).

Poverty and pesticide exposure are highly correlated. Mothers and children who live in crowded,
substandard housing are more likely to encounter exposure to multiple and heavily applied
pesticides, both legal and illegal (e.g., Morbidity and Mortality Weekly,1997). Indeed, a survey
of the Columbia cohort indicated that pesticide use was frequent (Whyatt ez a/., 2002). It has
been proposed that insecticide exposure (regardless of the chemical) may be a marker for insect
infestation (and other related factors) and may not itself be the causal agent driving the
neurodevelopmental results (Burns ef al., 2013). In fact, the Columbia authors reported an
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association with the Bayley Scales of Infant Development (BSID) and piperonyl butoxide, a
synergist used with pyrethrins and synthetic pyrethroid insecticides, which replaced the use of
chlorpyrifos in residential settings after 2001.

It is well documented in the literature that social hardships related to poverty and maternal
depression can affect scores on intelligence tests and other measures of cognitive ability (e.g.,
Luby ez al., 2013; Duncan and Brooks-Gunn, 1997; Feinstein, 2003; Canadian Paediatric
Society, 2004; center on the Developing Child at Harvard University, 2009). In the Columbia
study (Rauh ef al., 2006), neurodevelopmental effects were only observed at 3 years of age, not
before. As the children age from birth to 3 years, there are a number of other well-known
nonchemical risk factors that affect brain development. Efforts were made by the Columbia
study investigators to account for certain risk factors, including the influence of race/ethnicity,
gestational age, maternal education and maternal IQ (albeit, there were missing IQ data for
several dozen women in the study). Observational data on the quality of the home care-taking
environment were also considered, but it is unclear to what extent key risk factors were
addressed. For example, information was collected on mothers’ feelings and state of mind but
there is no indication that these potential risk factors were explicitly addressed. Interestingly,
maternal depression was a significant factor for influencing childhood behavior, as modeled by
the UC Berkeley investigators (Eskenazi ef al., 2007, Marks et al., 2010).

Despite efforts made by the Columbia study investigators to account for other risk factors, the
influences of other chemical and nonchemical stressors which could contribute to or account for
the observed associations of impaired neurodevelopment cannot easily be attributed to the
independent effects of a single chemical (i.e., chlorpyrifos) in the multi-chemical exposure
scenario experienced by the Columbia cohort, particularly spanning a multi-year period that
encompasses an important period of sequential neurodevelopment (e.g., SAP, 2012; Eaton et al.,
2008). Any inferences based on the Columbia study regarding the degree to which chlorpyrifos
contributes to the measured outcomes cannot be separated easily from other risk factors, and thus
the study cannot be used to reliably address the question of whether chlorpyrifos can cause
neurodevelopmental effects at the exposure levels reported. Although it is legitimate for
academic scientists to propose and investigate hypotheses, the Columbia study cannot serve as a
reliable basis for addressing key questions regarding a single chemical in a regulatory risk
assessment.

Another significant weakness of the Columbia study relates to the exposure data, i.e.,
measurements of chlorpyrifos do not reflect exposure over time. Evaluations of
neurodevelopmental scores/function on the cohort continued into childhood and early
adolescence, which is well beyond the single snapshot in time of chlorpyrifos measurement. This
is especially pertinent since neurodevelopment occurs both prenatally and postnatally, essentially
a continuous process throughout early infant and childhood years (Selevan ez al., 2000). The
Columbia University study focused exclusively on prenatal exposure as measured by
cord/maternal blood measures of chlorpyrifos within two days of birth. Furthermore, the
maternal and cord blood measurements represent a single sample, or snapshot (i.e., only one
point in time), collected for convenience (at birth) and with no information regarding the
chlorpyrifos home application. Given the rapid metabolism of chlorpyrifos in humans and
subsequent short residence time in the body, a single sample obtained at the time of delivery or
shortly after would have little relationship or meaning to exposure levels that were present during
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most of the pregnancy (or thereafter). Also, as discussed earlier in this paper (Point #1), the
chlorpyrifos blood measurements cannot be deemed accurate. The inadequate investigation on
exposures to either chlorpyrifos or other pesticides and chemicals (e.g., polycyclic aromatic
hydrocarbons, lead, efc.) results in an incomplete exposure picture.

Lastly, there are issues regarding how cognitive testing was assessed in the Columbia cohort
(Rauh et al., 2000) raising the question of whether the reported associations with chlorpyrifos are
real or not. Briefly, the cohort was inappropriately dichotomized into two exposure groups and
use of a cut-off of a standard score of “85” for BSID scores to denote children as “High Risk™ is
an arbitrary decision. Also, the “multiple simultaneous” comparisons in Rauh ef al. 2006 and
2011 can lead to chance errors (see Attachment B for more details).

4. Adverse results reported in the Colombia study are not found in other populations:

An important aspect of determining the validity of an epidemiology study is whether findings
can be reproduced; that is, associations between similar outcomes and exposures to the chemical
of interest should be found in different populations. Chlorpyrifos is measured in different ways
across studies, with some measuring chlorpyrifos itself, and others measuring other biomarkers
that represent exposure to chlorpyrifos and other chemicals, such that exposure to chlorpyrifos
itself cannot be teased out. The order of reliability of biomarkers is as follows: chlorpyrifos >
3,5,6-trichloro-2-pyridinol (TCPy) > diethylphosphates (DEPs). The metabolite DEP can reflect
exposure to pesticides other than chlorpyrifos. TCPy and DEPs in urine can also result from
exposure to these OP metabolites in food or the environment rather than to chlorpyrifos or other
OPs.

When considering the order of reliability of biomarkers, the results are not consistent across the
existing epidemiology studies. (See Attachment C of this document for details). Specifically,
studies at Mount Sinai Hospital and the University of California (UC) at Berkeley do not confirm
the results reported by the Columbia University researchers (Eaton e# al., 2008, Prueitt ef al.,
2011; Lietal., 2012; Burns ef al. 2013). The Mount Sinai (Berkowitz ef a/., 2004; Engel et al.,
2011) and UC Berkeley (Eskenazi ef al., 2004: Eskenazi ef al., 2007, Marks et al., 2010;
Bouchard er al., 2011) studies report some neurodevelopmental effects associated only with
DEP, a less specific biomarker. Outcomes associated with the more specific biomarker, TCPy,
are either not tested or not analyzed. Further, there are two new epidemiology studies that have
not observed consistent associations with birth weight or developmental outcomes. Two of these
studies measured chlorpyrifos or TCPy with reported exposure levels higher than (China cohort;
Wickerham et al., 2012) or comparable to (Mexico City cohort; Fortenberry ef al., 2013) the
Columbia or UC Berkeley studies. Although these studies did not investigate all of the outcomes
measured in the Columbia study, findings for endpoints that were evaluated do not confirm
findings from the Columbia study (Rauh ef al., 2006 and 2011; Whyatt ef al., 2004). Based on
epidemiological data published through 2007, Eaton ef al. (2008) also concluded that there were
no consistent associations observed when neurodevelopmental outcomes of the Columbia,
Mount Sinai, and Berkley studies were compared.
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5. Data access has not been provided:

Transparency and documentation of the decision process are at the core of a credible
risk assessment. EPA’s Office of Pesticide Programs has a long history of transparency
as well as data disclosure in risk assessments to ensure the credibility of its registration
and reevaluation decisions. OPP’s transparency in its risk assessments and decision-
making adheres to President Barack Obama’s January 21, 2009 Memorandum to Heads
of Executive Departments and Agencies on “Transparency and Open Government”
(Obama, 2009). Given the concerns about the reliability of exposure assessment in the
Columbia study, there would be value in accessing the data for the purposes of
exposure (dose) reconstruction and review of the health effect analyses. Similarly, the
UC Berkeley and Mount Sinai studies (Eskenazi ef al., 2007; Marks et al., 2010;
Bouchard ef al., 2011; Engel et al., 2011) conducted no health analyses using
chlorpyrifos in cord blood or with urinary TCPy after age two. Access to and
independent analyses of these data would also be informative to determine the
reliability of the Columbia results.

OPP has indicated publicly, “The studies that are the most relevant and informative to risk
assessment are those that clearly and fully describe study design, conduct and methods, as well
as providing access to the underlying data” (http://www.epa.gov/pesticides/science/literature-
studies.html). OPP has considered the Columbia study, which is a federally funded study, as a
source of data intended for consideration in its chlorpyrifos risk assessment (see SAP 2008;
2012). However, though DowAgroSciences has made repeated requests through the Freedom of
Information Act (FOIA) to the Agency to obtain the Columbia data, there is a restriction placed
on data access by the authors. Thus, independent verification of the analyses (including an
evaluation of different cutoff points for exposure and BSID outcomes) and the ability to answer
specific questions regarding the Columbia study (e.g., other risk factors) are not possible by
DowAgroSciences, EPA scientists, or the public. This lack of access is counter to the recent
February 22, 2013 John P. Holdren Memorandum to Heads of Executive Departments and
Agencies on “Increasing Access to the Results of Federally Funded Scientific Research”
(Holdren, 2013). Thus, any significant cited line of evidence in OPP’s chlorpyrifos risk
assessment should be based on accessible data sets that allow for independent analysis and
verification of conclusions. We acknowledge the importance of protecting the privacy of the
subjects in epidemiology studies, but there are well-recognized and accepted ways to provide
data on cohort subjects while protecting the privacy of the subjects. Given the problems and
complex issues involved with the chlorpyrifos cohort data, including the type of cognitive
assessment used, a more thorough and multidisciplinary scientific review is needed, which
provides some access to the data and includes pediatricians, epidemiologists, clinicians and
neuropsychologists experienced in evaluation of pediatric cognitive function.

Conclusions:

Despite not having access to the data published by Columbia University, there is sufficient
information available to conclude that there are serious limitations that impact their utility and
reliability in risk assessment. The Columbia study is not suitable as a basis to "bound" dose-
response estimates from animal studies or to inform whether neurodevelopmental effects occur at
exposure levels lower than those associated with AChEIL This is because of the difficulty of
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disentangling the potential of other chemical and nonchemical stressors to account for or
contribute to the observed associations. Further, the analytical method used in collecting plasma
biomonitoring data to address the issue of whether any health outcome could potentially occur
below exposure levels resulting in AChEI has not been adequately validated. The incompatibility
with the rodent model and the lack of biological plausibility for chlorpyrifos causing
neurodevelopmental outcomes in children at estimated exposure levels, as well as the lack of
consistency with other populations, indicate that any reported statistical associations within the
Columbia study are likely due to factors other than chlorpyrifos exposure. The data are not
accessible for public viewing and independent analysis, which is counter to the basic tenets of
transparency in government-funded research. Confidence in the reliability of the conclusions for
risk assessment-based decisions is inseparably tied to transparency and transparency cannot be
achieved when data access is denied. Collectively, these represent very compelling and
independent bases for precluding the use of the Columbia study data in an evaluation of exposure
and effect for chlorpyrifos or for calling into question the robust and comprehensive animal
database on pre- and postnatal toxicity and its adequacy to characterize the dose-response curve
at lower dose levels for the young.
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Attachment A: Consideration of AChE depression in Columbia study subjects

The purpose of this attachment is to provide additional explanation supporting the prediction,
based on the available biomonitoring data, that all blood concentrations for the Columbia study
subjects, as well as those of other epidemiology cohorts, were well below the level of RBC AChE
inhibition.

It is cumbersome to compare chronic dose levels administered to animals with concentration
levels observed in spot samples collected in humans. Biomonitoring equivalents (BE) address
this problem. For chlorpyrifos, BE values were developed for blood CPF that are associated
with a predicted maximum of 10% inhibition of red blood cell acetylcholinesterase (RBC AChE)
using a physiologically based pharmacokinetic/ pharmacodynamic (PBPK/PD) model (Arnold et
al.,2013). Inhibition of RBC AChE, while not part of the cholinergic toxicity pathway in the
central nervous system, is a conservative marker of inhibition of brain AChE, since inhibition of
these blood enzymes occurs pre-systemically in the liver during CPF metabolism, and is the
USEPA regulated endpoint.

There are four human studies in which chlorpyrifos was measured in cord blood and or maternal
serum (Whyatt ef al., 2004; Yan et al., 2009; Huen ef al., 2012; Wickerham ef al., 2012). The
cord blood levels are shown for each study in the graph below. Since the levels declined
appreciably over time in the Columbia study, the levels are shown by year of birth (as reported in
Whyatt ef al., 2004 and Eaton et al., 2009). Also shown is the range of plasma chlorpyrifos
concentrations predicted to cause 10% inhibition of RBC AChE (RBC AChE 10%). A few
subjects in the UC Berkeley study (Huen e7 a/., 2012) may have had concentrations near the
lowest estimate for 10% RBC AChHE inhibition. All other study subjects were well below all
estimates for RBC AChE inhibition.
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Attachment B: Scientific perspective on specific Columbia study parameters and analyses

The purpose of this attachment is to provide additional points contributed by Dr. Alan S.
Kaufman (Clinical Professor of Psychology at the Yale Child Study Center at the Yale University
School of Medicine) related to the Columbia study findings (Rauh et al., 2006 and Rauh et al.,
2011) and reported interpretation within the broader context of developmental/cognitive testing
and assessment. Personal Communication, November 6, 201 3.

Columbia Cohort and Lead Exposure

Please comment on exposure of the Columbia cohort to lead and its impact on the exposure-
response relationship to chlorpyrifos in the Columbia study?

Lead levels are an important variable in the Columbia study, especially for low-income families
living at or near the poverty level. Blood lead levels have consistently been correlated with 1Q
loss (Healey ef al., 2010), as well as achievement and behavioral deficits (Chandramouli ez al.,
2009). In the Columbia cohort, it was reported "Lead levels were available, however, for only a
subset of children (n = 89). Within this subset, there was no significant relationship between

an important question regarding lead that is not addressed in the Columbia study is how did high
prenatal lead levels correlate with changes in the Bayley mental and motor development scores?
Lead levels were not properly controlled in the Columbia study for the entire sample, and it is
plausible that significant relationships could have emerged between lead levels and high
chlorpyrifos levels and also between lead levels and Bayley scores. Thus, it is feasible that lead -
uncontrolled in this study - played an unknown role in the subjects with "high" chlorpyrifos
levels.

Although Rauh e a/. in the 2006 study neglected to examine the relationship between cord lead
and Bayley scores, in their 2011 study, Rauh ef al. did determine whether cord lead was related
to both chlorpyrifos and the WISC-IV scores. Nonetheless, there was cord blood information on
too few mothers to be able to control this important variable and blood lead levels of the children
in the study were lacking, which should have been done when the children were 1-3 years old.

Columbia Cohort and Cognitive Testing Assessment

Please comment on the use of dichotomized scores on the Bayley Scales of Infant
Development (BSID) outcomes.

Regarding the dichotomizing of the Columbia cohort into two portions: Rauh ef al. (2006) say
the issue concerns the dichotomizing of the subjects into two portions. Rauh et al. (2006)
indicate: " The most highly exposed group and the undetectable group had lower mean MDI and
PDI scores than did the 2 middle levels. On the basis of these preliminary analyses, and
consistent with our previous reports, a dichotomized exposure variable was used, classifying
subjects into high exposure (>6.17 pg/g) or lower exposure (<6.17 pg/g)." The four groups
should have been analyzed separately. There was a "U-shaped" relationship between the Bayley
scores and level of chlorpyrifos exposure. The "undetectable" group and the "high exposure"
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group both scored lowest on the mental and motor scales of the Bayley. There is no scientific
justification for combining the two middle groups with the "undetectable" group. Further, it is
inappropriate to examine the Bayley scores for the four groups before making the decision of
how to combine the data. The Bayley scores are the dependent variable for the study (i.e., the
outcome variables). It is not good scientific practice to examine data on the outcome variables
before deciding how to analyze the data.

Columbia Cohort and Mental/Psychomotor Performance Across Exposure Groups

Please comment on the mental and psychomotor delay at age 3 when comparing high to low
exposure groups within the Columbia cohort.

Regarding the loss of mental function at age 3 years, Rauh ef al., (2006) report that "Highly
exposed children (chlorpyrifos levels of > 6.17 pg/g plasma) scored, on average, 6.5 points lower
on the Bayley Psychomotor Development Index and 3.3 points lower on the Bayley Mental
Development Index at 3 years of age compared with those with lower levels of exposure.
Children exposed to higher, compared with lower, chlorpyrifos levels were also significantly
more likely to experience Psychomotor Development Index and Mental Development Index
delays, attention problems, attention-deficit/hyperactivity disorder problems, and pervasive
developmental disorder problems at 3 years of age." Thus, the motor and mental results were
treated as if they are the same, which they are not. A 3.3 point discrepancy on the mental index
is not a meaningful difference, and that difference did not even approach statistical significance
at the 0.05 level (p = 0.155 in Table 2; Rauh et a/., 2006). It is inappropriate to speak of
significant mental “delays” as in the Rauh et al., 2006 paper. First, the significance level = 0.048
(Table 2; Rauh ef al., 2006) is barely under the p < 0.05 guideline. Nonetheless, that probability
has no meaning because of the “multiple simultaneous” comparisons in Table 2 (12 comparisons,
to be exact - four contrasts at each of three ages). Whenever more than one comparison is made
at a time, it 1s incumbent on the researcher to exercise some type of control over the chance error
that inevitably occurs when many comparisons are made at once. Rauh ef a/. made no such
control (e.g., demanding that each separate probability must be p <0.02 or p <0.01 to achieve a
"family-wise" error rate of 0.05). In short, the value of 0.048 is “not” significant, but likely a
result of making so many comparisons such that a few will be "significant" just by chance
occurrence. Secondly, the use of a cut-off of a standard score of “85” to denote children as “High
Risk” 1s an arbitrary decision. Scoring below 85 is not a diagnostic category. It is not even a
common "cut" score for determining who is at high risk; values below 85 are much more
common. Harrison (1990, pp. 53-56), for example, uses cut-off scores of 70, 75, and 80 (but not
85) to illustrate the use of the Early Screening Profiles for identifying high risk children between
the ages of 2 to 6 years. Changing categories, in any event, is not meaningful. 1Q and

motor development tests have a built-in standard error of measurement of 3 or 4 points--and that
error is even higher when testing very young children tested on tests developed for infants and
toddlers. For example, Black and Matula (2000) point out that for the second edition of the
Bayley Scales (normed for ages 1-42 months): “The average standard error of measurement is
5.21 for the Mental Scale and 6.01 for the Motor Scale” (pp. 68-69); those values are far lower
than the values of about 3.00 for Wechsler’s 1Q scales at ages 3-7 years (Pearson, 2012, Table
4.3; Psychological Corporation, 2003, Table 4.3). Categories such as “High Risk” will change
dramatically from Test 1 to Test 2 when the same child is tested twice simply due to errors of
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measurement. Whether a child scores 82 or 83 or 84 or 85 or 86 or 87 is just pure chance due to
measurement error. A single arbitrary cut-off is inadequate to identify children as normal or with
"delays." Such an arbitrary approach takes unfair advantage of the known errors of measurement
that characterize even the best measures of mental and motor ability; 85 is just an arbitrary
number that may or may not mean delay or high risk.

In the 2011 study, the Rauh ef al. analysis of chlorpyrifos and WISC-IV scores appears sound.
However, the multiple comparisons (as mentioned above) are still an issue. In Table 2, there are
five adjusted value comparisons; the authors made no attempt to control for errors that occur
when several comparisons are made at once. Consequently, the p = 0.048 value for Full Scale 1Q
is suspect and most likely a chance finding. Nonetheless, the significant finding for working
memory is robust and not likely due to chance. However, whenever only one of four mental
indexes is found to be significant, such a finding should be replicated with independent samples
to verify that it is a "real" relationship between chlorpyrifos and intelligence, not a chance
finding.
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Attachment C: Epidemiology Data for Chlorpyrifos — Considerations of Reproducibility

The purpose of this attachment is to explain the importance of type and specificity of exposure
when evaluating evidence for and against causality, namely using chlorpyrifos and/or urinary
TCPy compared to less specific metabolites. Demonstration of reproducibility between studies
(not within) is critical for risk assessment decisions.

To support causality, associations between exposures to the chemical of interest and health
outcomes should be found in different populations. The summary Table 1 presented below,
which uses the format of EPA’s Table 10 (USEPA 2012, page 59), includes recent data from two
new cohorts (China cohort; Wickerham et al., 2012; Mexico City cohort; Fortenberry et al.,
2013) that have exposure levels higher than or comparable to the Columbia and University of
California (UC) Berkeley studies. Another study conducted in New Jersey (Yan et al., 2009; Barr
et al., 2010) did not observe any significant associations for fetal growth; however, in this study,
chlorpyrifos was near the limit of detection in most maternal and cord blood samples.

A major challenge in determining reproducibility of the Columbia study is a lack of consistency
of exposure metrics. Some other cohort studies measured urinary biomarkers of
organophosphate (OP) exposure that have different levels of specificity as a biomarker for
chlorpyrifos exposure. The most specific urinary biomarker of chlorpyrifos exposure is 3,5,6-
trichloro-2-pyridinol (TCPy), but this also can be a metabolite of chlorpyrifos-methyl.
Dialkylphosphates (DAPs) are non-specific biomarkers of OPs that are comprised of
diethylphosphates (DEPs) and dimethyl phosphates (DMPs). The DEPs include two metabolites
of chlorpyrifos, diazinon and other diethyl-OPs (Table 2). In contrast, the DMPs are not
biomarkers for chlorpyrifos but can be biomarkers of many dimethyl-OPs (Table 2). These
urinary metabolites of OPs can also be a result of exposure to these metabolites in food or the
environment rather than to chlorpyrifos or other OPs. Thus, in evaluating consistency across
studies it is necessary to consider the studies in terms of the level of information they provide
about chlorpyrifos specifically, as opposed to information about OPs generally, as well as what is
meant by “consistent findings” in the context of these different biomarkers of exposure (Li et al.,
2012; Mink ef al., 2012). The summary Table 1 in this attachment differs from EPA’s Table 10
in that associations with DEPs are tabulated instead of those for DAPs.

Points to Note in Reviewing the Table 1:

1. EPA’s 2012 SAP clearly stated that total DAPs “are not selective enough to be a useful
biomarker for chlorpyrifos” (EPA SAP, P. 58). Chlorpyrifos is the biomarker deemed to
be the highest priority because of its specificity (EPA SAP, P. 58). EPA SAP also
concluded that “the next biomarker of choice is TCPy, then DETP/DEP in urine,”
although both are present in the environment as degradates of the active ingredient
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(USEPA SAP, p. 58). Thus, this table omits DAPs but includes DEPs. The columns are
shaded to reflect the order of priority based on specificity of the biomarker as described
above.

2. We define null findings as those with a p value >0.1, non-significant findings as those
with a p value>0.5, and present the direction (either as positive for score increased or
inverse for score decreased) for findings with a p value<0.1. Values were calculated
from the confidence interval when p values were not provided (Altman and Bland, 2011).
The table is only a brief synopsis; for more in depth analysis including tables of the
magnitude and direction of effects and all statistical testing conducted, we direct the
reader to one of several published reviews (Prueitt ef a/, 2011; Li et al., 2012; Mink et al ,
2012, Burns et al., 2013).

3. Table 1 only includes associations reported for prenatal exposures (i.e. maternal DEPs
and TCPy) to be comparable to the Columbia cohort study, which only measured
cord/maternal blood at birth.

4. Few findings of the Columbia cohort have been tested by independent investigators using
TCPy and/or chlorpyrifos in blood, although these data are available (Huen ez a/. 2012).
For example, the UC Berkeley study has not evaluated any neurodevelopmental
outcomes using available cord blood chlorpyrifos levels or reported any results using
TCPy in children over 2 years of age. It is unknown why the UC Berkeley investigators
have not published any health results using these data that would contribute more
informed data for use in decision-making relevant to chlorpyrifos.

5. Pervasive Development Disorder (PDD) and Attention-Deficit Hyperactivity Disorder-
like behaviors (ADHA) were not clinically diagnosed in the Table 1 studies. Rather, they
were based on checklists completed by the mother. Furthermore, maternal depression, a
potential confounder of maternal reporting of behavioral problems in children, was not
controlled by the Columbia or Mexico City investigators, although it was a significant
factor in the UC Berkeley study.

Analysis of summary table

Table 1 is a high level summary of many analyses and purely looks at statistical associations.
Even without discussing methodological differences, most of the findings of the Columbia study
are not replicated. After age 2 years, it might appear that the UC Berkeley cohort shows limited
consistency with the Columbia cohort because of the association with mothers’ report of
Attention-Deficit Hyperactivity Disorder-like behaviors (ADHD) and DEPs. Unfortunately, the
UC Berkeley study did not report any testing for TCPy or chlorpyrifos in older children.
Notably, there was no significant overall association found with ADHD and other attention

2
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problems and TCPy in the Mexico cohort. Both the UC Berkeley and Mexico investigators
conducted multiple tests for attention and behavioral problems without control for multiple
testing. For example, in Table 5 of the Mexico cohort, 27 tests for trend were presented for
which two were considered borderline statistically significant (p<0.1) while none was
statistically significant at the standard p-level (i.e., (p<<0.05). Overall, since positive results were
only reported for DEP and only at age 5 in the UC Berkeley study, and not for TCPy, there is
little support for a consistent exposure and ADHD association and less support for any effects
attributable to chlorpyrifos.

Both the UC Berkeley and Mount Sinai cohorts show some consistency with Full Scale IQ with
DEPs (0.05<p<0.1), which are not specific to chlorpyrifos. Again, no testing was reported for
TCPy or chlorpyrifos in the other cohorts. Thus, although one could selectively focus on the
statistically significant DEPs association from the UC Berkeley study and the findings in the
Columbia study as evidence of consistency across cohorts, the null findings with the more
specific biomarker TCPy significantly weakens the weight of evidence. The observations in the
Columbia study have not been sufficiently tested with chlorpyrifos exposure in other studies to
confirm if these are true or false observations. Without robust replication, the Columbia data
should not be used for risk assessment.
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Table 1. Summary of findings from key epidemiology studies for chlorpyrifos.

Columbia Mount Sinai UC Berkeley Mexico
City

arkers of DEPs TCPy TCPy §
mposure i

lBirthLength B l
lehweight - H
ayley Scores Null/Null | Null/Null NI
12 months -
(MDI/PDI)
ayley Scores Null/Null | Null/Null €L
4 months i
(MDI/PDI)
ayley Scores Mot tested| Not tested NI
36 months
(MDI/PDI)
ervasive MNull | Null 24 mo)f N1
cvelopment (24 mo)
isorder (PDD)

ADHD/ Null 3.5yr)
attention and Positive
Ibehavior problems 5y
ages 2 - 7 years

ental .| Inverse
fl\;evelopment . analysis (FSIQ)
(WISC-IV, age 7 , not Null
9 years) available | (working

memory)

1. P<0.1 for a single test at 3.5 years. All testing for other attention and behavioral problems at age 5 years were
not statistically significant (Marks ct al., 2010).

2. P <0.1 for a single ADHD index in boys and Hit RT block change in all subjects. All testing for other models for
changes in psychoinetric assessment scores were not statistically significant (Fortenberry, et al., 2013).

NS=Not statistically significant, [0.1>p>0.05]. p values calculated from confidence interval using following
equation: SE = (u - I)/(2 x 1.96); z= Est/SE; P = exp(-0.717 x z - 0.416 x z°) (Altman and Bland, 2011)):
Inverse= higher levels of exposure associated with adverse health outcomes (score decreased)

Positive= higher levels of exposure associated with adverse health outcome (score increased)

Null = No association observed, p> 0.1

MDI = Mental development index

PDI = Psychomotor development index

Not tested = study did not measure the outcome at the age listed

N.I. = no information available

Collected, analysis not available = biomarker and outcome measured but associations never publicly released
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Table 2. Urinary biomarkers of pesticide exposure.

Pesticide Dimethyl- Dimethylthio- Dimethyldithio- Diethyl- Diethylthio- Diethyldithio-

phosphate phosphate phosphate phosphate phosphate Phosphate
Azinphos methyl X X X
Chlorethoxyphos
Chiorpyrifos
Chlorpyrifos methyl
Coumaphos
Dichlorvos

Diazinon
Dicrotophos
Dimethoate
Disulfoton

Ehtion

Fenitrothion
Fenthion
Isazaphos-methyl
Malathion
Methidation

Methyl parathion
Naled
Oxydemeton-methyl
Parathion

Phorate

Phosmet
Pirimiphos-methyl
Sulfotepp

‘Temephos

Terbufos X X X
Tetrachlorviphos
Trichlorfon

“
e
oI 1o
PO .

el B
A
o

oA
o
el

SR K K A
"ol e el
bt
oy
.
b

C I o R
e

o

The table shows the six urinary metabolites and the parent organophosphate insecticides responsible for
these metabolites. DAPs measures all six of these metabolites, only two of which are associated with
chlorpyrifos. (CDC Fourth National Report on Human Exposure to Environmental Chemical, 2009)
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Aaron Colangelo, Esq.

Senior Attorney

Natural Resources Defense Council
1152 15th Street NW, Suite 300
Washington, D.C. 20005

Margaret Reeves, Ph.D.

Senior Scientist/Program Coordinator (Environmental Health and Workers' Rights)
Pesticide Action Network North America

49 Powell Street, Suite 500

San Francisco, CA 94102

Re: Chlorpyrifos petition dated September 12, 2007; January 2013 Response
Dear Mr. Colangelo and Dr. Reeves:

I am writing to further update you on the U.5. Environmental Protection Agency’s (EPA)
efforts to respond to the Natural Resources Defense Council (NRDC) and Pesticide Action
Network North America (PANNA) jointly submitted September 12, 2007', petition and our
related efforts to complete the registration review of chlorpyrifos. In my letter to you of
December 18, 20122, 1 provided you with an update on our efforts to implement label changes to
put in place additional limitations to reduce primary spray drift from chlorpyrifos. I can report
that EPA has now approved those changes for all 41 chlorpyrifos agricultural products subject to
these use limitations.

As we also noted in December, while we have made significant progress in completing
work on the four petition issues that EPA did not address in its July 16, 2012°, partial response to
your petition, we were not able to provide you with a complete response in December, as we
previously believed we could. However, we committed to providing you with a response this
month that further addresses the petition and outlined the approach we are taking for completing
our response. Accordingly, this response will address what EPA has done and will do to address
each of the following four outstanding claims that: (1) EPA failed to incorporate inhalation
routes of exposure from pesticide volatilization; (2) EPA failed to incorporate into its risk

! Available at http://www.tegulations.gov/#!documentDetail;D=EPA-HQ-OPP-2007-1005-0005
* Available at http://www.regulations. gov/#!documentDetail; D=EPA-HQ-OPP-2007-1005-0096
? Available at http://www.regulations.gov/#!documentDetail:D=EPA-HQ-OPP-2007-1005-0095.
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assessment, in a quantitative manner, data indicating that long-lasting effects result from early
life exposure to chlorpyrifos in children; (3) EPA disregarded data demonstrating that there is no
evidence of a safe level of exposure during pre-birth and early life stages; and (4) EPA failed to
cite or quantitatively incorporate studies and clinical reports suggesting potential adverse effects
below 10% cholinesterase inhibition.

As Iindicated in the December response, EPA has been working to complete an
assessment that will evaluate the potential risks of volatilization from chlorpyrifos applications.
In early February 2013, we will publish a notice in the Federal Register announcing the
availability of this preliminary assessment for public comment. This assessment represents a
significant advancement in the evaluation of pesticide risks, as it will be the first probabilistic
assessment of the risks posed by the post-application volatilization of a semi-volatile pesticide.
Our approach builds upon the methodology we previously employed for volatile pesticides in the
recent fumigant pesticide risk assessments” to assess bystander inhalation exposure from
volatilization. In addition, it is consistent with the recommendations from the December 2009
Federal Insecticide, Fungicide, and Rodenticide Act Scientific Advisory Panel (SAP)’ meeting
on the scientific issues associated with field volatilization of conventional (semi-volatile)
pesticides. The content of the preliminary volatilization assessment is further informed by Dow
AgroSciences’ recently submitted chlorpyrifos field volatility study® coupled with existing
volatility data found in the open literature, and EPA modeling tools.

This assessment will supplement the July 2011 Preliminary Human Health Risk
Assessment’ (HHRA) and evaluates bystander exposure from chlorpyrifos and chlorpyrifos-oxon
emitted from treated fields. Although the volatilization of chlorpyrifos was addressed in the
preliminary HHRA, that analysis involved only a deterministic assessment based on limited
monitoring data that did not attempt to evaluate a range of field conditions and, therefore, had
correspondingly limited utility in a regulatory setting. Given the groundbreaking nature of the
new assessment and its potential for use in guiding additional risk mitigation, EPA believes it is
critical to involve the public in the development of this assessment before it is finalized. Further,
EPA is examining other semi-volatile pesticides to determine if bystander volatilization
assessments are needed. Any comments received on this assessment will serve to inform those
assessments as well. Accordingly, EPA will begin taking public comment on the draft version of
the assessment in February 2013, after publication of the Federal Register notice announcing its
availability in docket number EPA-HQ-OPP-2008-0850.

Following completion of the public comment period and EPA’s subsequent evaluation of
the comments, EPA will determine whether additional regulatory action is necessary to address

* The assessments can be found in the dockets for cach fumigant. Four of which are provided here chloropicrin -
EPA-HQ-OPP-2007-0350; dazomet - EPA-HQ-OPP-2005-0128; metam sodium/potassium - EPA-HQ-OPP-2005-
0125; and methyl bromide - EPA-HQ-OPP-2005-0123

>U.S. EPA 2009. FIFRA Science Advisory Panel Meeting Minutes - Scientific Issues Associated with Field
Volatilization of Conventional Pesticides. Available at

http://www .cpa.gov/scipoly/sap/meetings/2009/december/120309mectingminutes. pdf

®Rotondaro, A. and Havens, P. (2012). Direct Flux Measurement of Chlorpyrifos and Chlorpyrifos-Oxon Emissions
Following Applications of Lorsban Advanced Insecticide to Alfalfa; Sponsor: Dow AgroSciences LLC, 9330
Zionsville Road Indianapolis, IN 46268-1054. EPA MRID 48883201.

7 Available at http://www.regulations. gov/#! documentDetail:D=EPA -HQ-OPP-2008-0850-0025.
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these risks and, if so, whether the nature of that risk supports the need to take action in advance
of our completion of the final broader HHRA, currently scheduled for December 2013.

Regarding the remaining three petition issues addressing chlorpyrifos toxicity identified
above, as we have indicated previously, the analysis is complicated and multifaceted because it
involves many lines of scientific evidence, including many recently conducted studies and peer
review evaluations and recommendations. That work includes consideration of: 7n vivo and in
vitro experimental toxicology studies that evaluate neurodevelopmental effects in laboratory
animals, adverse outcome pathway framework analyses, exposure, the results of multiple human
epidemiology studies, and biomonitoring data. Notwithstanding the complexity of this analysis,
it was our hope to provide you with a written response last December that included our scientific
conclusions on these issues. As you know, we convened a FIFRA SAP meeting in April 2012% to
inform our work in generating a weight-of-evidence evaluation integrating the epidemiologic
data with the experimental toxicology studies for the neurodevelopmental outcomes and
acetylcholinesterase (AChE) inhibition. At the time EPA provided its partial petition response to
you in July 2012, EPA had just received the written SAP report from the April meeting. EPA
therefore had not had time to begin pursuing the SAP’s recommendation when EPA provided its
response to you and to the Sth Circuit in our ongoing litigation over this matter.

Thus far, EPA has not encountered epidemiological data of sufficient quality to support
quantitative risk assessment of conventional pesticide chemicals. Before EPA decides how to
use the epidemiological data on chlorpyrifos, we believe it is critical to attempt to resolve
questions about these studies regarding the extent of the cohort members’ exposures to
chlorpyrifos, as well as the impact of exposure to other compounds capable of causing or
contributing to the observed neurological outcomes. We acknowledge the lengthy conduct of our
assessment, including multiple SAP reviews, but we believe the deliberate and considered
approach we are taking is the most scientifically defensible method for re-evaluating our current
approach to assessing risks from chlorpyrifos and other organophosphorous pesticides generally,
and, specifically, for evaluating the strengths and weaknesses of the epidemiological data.

The July 2012 SAP report is in accord with EPA’s assessment that the Agency should
attempt to resolve certain key questions about the epidemiological data. Specifically, the SAP
recommended that EPA pursue a number of possible approaches for attempting to resolve
whether the neurological outcomes observed in the studies occurred in the absence of AChE
inhibition — the effect EPA’s current regulatory approach is designed to preclude. Further, given
that the women and children studied in the Columbia University-sponsored epidemiology study’
were exposed to multiple chemicals (including other pesticides, polycyclic aromatic
hydrocarbons and lead), the SAP cautioned the agency about attributing the outcomes to a single
chemical based on the current analysis conducted by Columbia University researchers. These
statements by the SAP lead the agency to believe that we need to further explore the extent to

¥ Available at hitp://www.regulations.gov/#!documentDetail; D=EPA-HQ-OPP-2012-0040-0029

’Rauh, V., Arunajadai, S., Horton, M., Perera, F., Hoepner, L., Barr, D. B., & Whyatt, R. (2011). Seven-ycar
neurodevelopmental scores and prenatal exposure to chlorpyrifos, a common agricultural pesticide. Environ Health
Perspect, 119(8). 1196-1201. doi: 10.1289/chp.1003160; Rauh, V. A., Garfinkel, R., Percra, F. P., Andrews, H. F.,
Hoepner, L., Barr, D. B., Whyatt, R. W. (2006). Impact of prenatal chlorpyrifos exposure on neurodevelopment in
the first 3 years of life among inner-city children. Pediatrics, 118(6), ¢1845-1859. doi: 10.1542/peds.2006-0338.
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which the observed neurological outcomes were influenced by exposure to these other
chemicals.

Following receipt of the report EPA began conducting a number of analyses to address
these recommendations. As I indicated in our December response, we are making progress in
conducting a dose-reconstruction analysis of potential exposures to the women and children
studied in the Columbia University-sponsored epidemiology study'” in order to assess the degree
to which the individuals in the cohort may or may not have been exposed to chlorpyrifos levels
high enough to cause AChE inhibition. In addition to this assessment, to address the SAP
recommendations EPA also intends in the coming months to complete an evaluation of cohort
exposures to other chemicals. In order to complete both the dose reconstruction and analyses on
other chemical exposures, however, we will need to analyze the original data (“raw data”) from
the Columbia University study to better understand the exposure to chlorpyrifos and other
chemicals. To date, the study authors have declined our request to provide that information to us,
but we are continuing to discuss our need for evaluating these data with the study authors and we
are hopeful that a resolution can be reached.

In addition to further analysis of the exposures in the Columbia study, EPA has also
followed up on a recommendation that was brought up in the SAP’s oral deliberations regarding
the administration and interpretation of diagnostic and analytic tools used to assess neuro and
motor development in children like those used in the Columbia study. The SAP noted that it
lacked expertise in evaluating these aspects of the data. Because this expertise is relevant in
assessing the potential for effects from exposures to other chemicals, between August and
October 2012, we obtained additional peer review from scientists within the federal government
who have expertise in this field. EPA will include consideration of the results of this peer review
when it completes its assessment, as further discussed below.

Finally, as our previous response indicated, last fall, the Columbia University researchers
published a new epidemiology study'' describing the results of magnetic resonance imaging on a
subset of children in the cohort. We solicited comments between August 2012 and October 2012,
from scientists within the federal government who have expertise in this scientific area and are
currently evaluating this input to determine the extent to which this information informs the
earlier Columbia University study results.

In light of our ongoing work described above, we are not in a position to provide you
with our conclusions on the three remaining toxicology issues in the petition at this time, and it is
difficult to provide a precise time frame for the completion of that assessment. It is our hope that
we can maintain our current schedule to complete the full chlorpyrifos HHRA by the end of 2013

"“Rauh, V., Arunajadai, S., Horton, M., Perera, F., Hoepner, L., Barr, D. B, & Whyatt, R. (2011). Seven-ycar
neurodevelopmental scores and prenatal exposure to chlorpyrifos, a common agricultural pesticide. Environ Health
Perspect, 119(8). 1196-1201. doi: 10.1289/chp.1003160; Rauh, V. A., Garfinkel, R, Percra, F. P., Andrews, H. F.,
Hoepner, L., Barr, D. B., Whyatt, R. W. (2006). Impact of prenatal chlorpyrifos exposure on neurodevelopment in
the first 3 years of life among inner-city children. Pediatrics, 118(6), ¢1845-1859. doi: 10.1542/peds.2006-0338.

" Rauh VA, Perera FP, Horton MK, Whyatt RM, Bansal R, Hao X, Liu J, Barr DB,

Slotkin TA, Peterson BS. Brain anomalics in children exposed prenatally to a common organophosphate pesticide.
Proc Natl Acad Sci U S A. 2012 May 15;109(20):7871-6. doi: 10.1073/pnas.1203396109. Epub 2012 Apr 30.
PubMed PMID: 22547821; PubMed Central PMCID: PMC3356641.
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and respond to the remaining claims in your petition on the same time frame. As we previously
explained to you, that schedule would result in our initiating any necessary regulatory action in
early 2014. Given the complexity of the assessment, and in particular, the complications we are
having in obtaining potentially important research data from the Columbia University study
authors, I do have some concern about our ability to meet that time frame, but we will continue
to work to meet that goal and will update you if our plans must change.

With that said, we have made significant progress in addressing the volatilization portion
of your inhalation claim as will be evident with the release of the preliminary chlorpyrifos
volatilization assessment in February. As noted, if, following review of the public comments,
EPA determines that the risk posed from chlorpyrifos volatilization merits regulatory action in
advance of the completion of the HHRA, we will initiate that action without first completing the
entire HHRA.

Finally, I wish to reiterate that for efficiency purposes EPA does not intend to proceed
with issuing a denial order of the six petition issues (the spray drift portion of your inhalation
claim was granted) that we rejected in July 2012 until after we complete our review of all
remaining issues. It has been our understanding that this approach is preferable to you as well.
However, as previously indicated, if you wish to begin the objections process for the six denied
claims and notify EPA in writing, we will publish a formal denial order for those claims,
triggering your right to file objections under FFDCA section 408(g)(2).

Sincerely

Steven P. Bradbury, Ph.D.
Director, Office of Pesticide Programs
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Abstract Keywords

This paper systematically reviews epidemiologic studies related to low-level non-occupational  Bradford Hill, epideminlogy, insecticides,
exposures to organophosphorus (OP} insecticides. Many of the studies evaluate lavels of mater- organophosphorus, pesticides

nal OP metabolites and subsequent health outcomes in offspring. The studies focused primarily

on birth outcomes {e.g., infant body weight or head circumference) and neurcdevelopmental  History

{e.g., mental and psychomotor} testing results. The evidence from these studies was reviewed
under the Bradford Hill guidelines. Most of the studies assessing exposure based on urinary lev-
els of OP insecticide metabolites used only one or two measurements during pregnancy. The
potential for exposure misciassification with this method is largely due to {1) preformed metabo-
lites that are ingested with food, {2} the short elimination half-life of OP insecticides, and (3} lack
of specificity to particular OP insecticides for many of the metabolites. For birth outcomes, the
majority of reportad results are not statistically significant, and the associaticns are inconsistent
within and across studies. Thare is more within-study consistency for some of the neurcdevelop-
mental testing resuits, although few associations were 2xamined across several studies. These
associations are generally weak, have been replicated only to a limited extent, and require fur-
ther confirmation before they can be considered established. The OP insecticide levels measured
in the epidemiologic studies are too low to cause biologically meaningful acetyicholinesterase
inhibition, the most widely used metric for OP insecticide toxicity. Overall, the available evidence
does not establish that low-level exposures to OF insecticides cause adverse birth outcomes or
neurodevelopmental problems in humans.
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Introduction

Organophosphorus (OP) insecticides, or their oxon metabo-
lites, persistently inactivate acetylcholinesterase (AChE), an
enzyme involved in neurotransmission in insects as well as
humans and other animals. OP insecticides are used widely
around the world. Most studies of the adverse human health
effects of exposure to OP insecticides have focused on occupa-
tional or other high-dose exposures, including acute poisoning.
Acute clinical effects result from AChE inhibition at synapses
in the central nervous systen, autononiic nervous system, and
neuromuscular junction (Eddleston et al. 2008).

Over the last decade, a number of epidemiologic studies
have been published that evaluate the potential health effects
of OP insecticides in populations with little or no occupational
exposure. These epidemiologic studies have most frequently
evaluated birth outcomes, such as infant body weight and head
circumference, or results of neurodevelopmental tests that
measure mental and psychomotor function. The primary expo-
sure pathways for subjects in these studies likely inclhude diet,
residential use, and in some cases, proximity to agricultural
operations. Exposures in these studies are estimated primar-
ily by measuring OP insecticide hiomarkers or degradation
products (referred to in this article as “OP metabolites”) in
urine and blood. In several study populations, such markers
have been measured at levels that are sufficiently low to indi-
cate that exposure to OP insecticides originates predominantly
from dietary sources (Berman et al. 2013, Lu et al. 2008).

Risk assessments in Europe and the United States have
concluded that dietary exposure to OP insecticides appears
generally to be safe (Boon et al. 2008, Claeys et al. 2008,
Jensen et al. 2003, Jensen et al. 2009, Nougadere et al. 2012).
Nevertheless, several recent epidemiologic studies that mea-
sured OP metabolites in blood or urine suggest associations
between low-dose exposure to OP insecticides and adverse
human health effects. Most of these studies have focused on
OP insecticide metabolite levels in utero, which is believed
to be the critical exposure period for human neurclogical
development (Rice and Barone 2000) and is, by definition,
the only relevant exposure period for birth outcomes. Given
the widespread use of OP insecticides and consumption of
OP-treated foods, understanding the potential human health
impact of low-dose exposure to OP insecticides is important
from a public health and regulatory standpoint. We undertook
this systematic review of epidemiologic studies of low-level
OP metabolites to evaluate the existing evidence on associa-
tions with adverse human health outcomes. A few previous
papers have reviewed the epidemiologic literature specific to
chlorpyrifos for neurobehavioral outcomes (Li et al. 2012)
and fetal growth outcomes (Mink et al. 2012), and found no
compelling evidence of effects. Burns et al. (2013) reviewed
animal toxicology and epidemiologic data for neurodevelop-
mental outcomes and all classes of pesticides. The researchers

Crit Rev Toxicol, 2015; 45(7): 531-641

found that the epidemiologic literature did not support causal
cffects for pesticides, and that effects found in toxicology stud-
ies were generally seen at doses similar to or higher than points
of departure used in regulatory risk assessments. This review
is the first to address potential effects of all OP insecticides
from epidemiologic studies with low-level exposures.

To evaluate the scientific evidence for a conclusion regard-
ing causality, we used the Bradford Hill guidehines, including
strength of association, consistency, temporality, biological gra-
dient, plausibility, coherence with toxicological evidence, spec-
ificity, experiment, and analogy (Hill 1965). The manuscript
also includes a detailed evaluation of the validity of the urinary
biomarkers used in the epidemiologic studies, and reviews the
plausibility of the associations by comparing anmimal and Jimited
human toxicology data with the OP insecticide levels observed
w the epidemiologic studies. Potential confounding and bias
arc also evaluated. The data are then assembled to assess over-
all evidence for and against a causal relationship between low-
level exposure to OP insecticides and adverse birth outcomes or
neorodevelopmental problems in humans.

Scope of review

To identify the relevant studies on low-level OP metabolites and
human health cutcomes, we used PubMed to search MEDLINE
using keywords and keyword roots, inchading organophosph™,
specific metabolites (e.g., dialkviphosphate® or dialkyi phos-
phate), specific OP insecticides {e.g., chlorpyrifos, diazinon,
malathion, parathion, or phosmet), and various age groups (e.g.,
child®, infan®, toddler®, birth*, men, women, or adult™). Based
on a review of titles and abstracts, we excluded more than 1500
articles that presented animal and in vifro studics, biomonitor-
ing studies, and other non-epidemioclogic studies, including case
reports, commentaries, and reviews (some of which were exam-
med to dentify references missed by the clectronic search).
After reviewing full-text articles, we further exciuded 40 smdies
of occupational or para-occupational (i.e., take-home) exposure
to OP msecticides, exposure by poisoning, cxposure by pedicu-
losts treatiment, exposure by aenal residential or illegal indoor
residential spraying, exposure to pesticides or insecticides not
specific to OP compounds, and paraozonase 1 (PONI) geno-
type or PON1 enzyme activity without specific evaluation of
OP insecticide exposure. We further excluded 31 studies that
estimated OP exposure based on self-reported or geographic
data, and those that estimated associations with health catego-
ries that were evaluated in fewer than three independent studies,
thereby providing an insufficient basis for a weight-of-cvidence
evaluation. Based on this last consideration, the two endpoint
categories of interest in this review are birth outcomes and
results of neurodevelopmental testing. We ultimately included
31 epidemiologic studies—11 studies of birth outcomes and
20 studies of nevrodevelopmental outcomes—in this review.
Study characteristics—inciuding  study name, location,
design, description and number of subjects, follow-up time,
exposure assessment methods, outcome assessment methods,
point and interval estimates of association between specific
exposures and outcomes of interest, and adjustment factors—-
were abstracted from cach relevant study, and independently
checked by another reviewer for accuracy. Individual stud-
ies were evaluated with respect to strength of study design,

exposure and outcome assessment, potential for confoundi
; MY B
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and bias, role of random error or chance, and interpretation
of results. To evaluate the overall weight of epidemiologic
evidence, we used the framework of the Bradford Hill guide-
lines (Hill 1965). The Bradford Hill guidelines are one of the
most common and established methods of assessing evidence
for a causal relationship between an exposure and a disease
(Gordis 2013). We assessed the study results relative to each
of the Bradford Hill guidelines, scparately for birth outcomes
and neurodevelopment. These aspects were used as consider-
ations, but not as strict criteria in a checklist fashion, to guide
our evaluation of causality.

Overarching issues

Before proceeding to a review of the individual studies, three
overarching issues need to be discussed. First, most studies use
uripary levels of OP insecticide metabolites to classify expo-
sures. Therefore, we discuss the validity of exposure assessment
using these urinary biomarkers. Second, the OP insecticide
exposure levels of the study subjects are generally lower than
those previously identified as harmful. Therefore, we briefly
review the extensive apimal toxicology and limited human
toxicology data to evaluate the plansibility of the associations
observed in epidemiologic studies. Third, in any epidemiociogic
study, confounding and bias should be considered as potential
explanations for an observed result (Gordis 2013).

Biomarker validity

Most epidemiologic studies that use biomarkers of OP insec-
ticide exposure rely on urinary measurements of OP metabo-
lites. The metabolites include six dialkylphosphates (DAPs):
dimethylphosphate (DMP), dimethylthiophosphate (DMTP),
dimethyldithiophosphate (DMDTP), dicthylphosphate (DEP),
diethylthiophosphate (DETP), and diethyldithiophosphate
(DEDTP). The first three are commonly grouped as DMPs,
and the latier three are commonly grouped as DEPs. In a few
studies, metabolites of specific OP insecticides (usually chlo-
rpyrifos or malathion) were measured. Use of these metabo-
lites as exposure biomarkers has the potential for exposure
misclassification, for the following reasons:

e (P metabolites formed directly on or in food are well
absorbed orally and cannot be distinguished from those
formed following absorption.

e Rapid metabolism of OP insecticides and their metabolites
results in high intra-individual variation in levels, such that
single samples may not reflect past or long-term average
EXPUsUre.

e DAP metabolites are not specific to individual OP insecti-
cides, and there is a vast range of toxicity across different
compounds.

e Variability in exposure measurements across studies dimin-
ishes the comparability of results.

Direct formation of OF metabolites in food

DAPs are products of OP hydrolysis. The metabolism of
OP insecticides in plants and humans is similar. The DAPs
detected in human urine may therefore have been ingested with
food or formed in the body following absorption of OP insec-
ticides (e.g., Zhang et al. 2008). Compared with their parent
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compounds, DAPs are virtually non-toxic (Chen et al. 2013).
Some studies used chemical-specific urinary metabolites,
inchuding malathion dicarboxylic acid (MDA, a metabolite of
malathion) and 3,5,6-trichloro-2-pyridinol (TCP, a metabo-
fite of chlorpyrifos), as OP insecticide exposure biomarkers.
These chemical-specific metabolites also form directly in food
(Morgan et al. 2011, Chen et al. 2012) and are also relatively
non-toxic compared with their parent compounds or active
metaholites (Chen et al. 2012, Eaton et al. 2008)".

Several studies have demonstrated that most dietary expo-
sares are actually to the OP metabolites and not to the parent
compounds. Zhang et al. (2008) measured OP and DAP levels
on 153 produce samples known to be contaminated with OP
insecticides. The mean concentrations of OP insecticides and
DAP residues were 1.2 and 2.0 nmol/g, respectively. On a
molar basis, more than 60% of the total residues were DAPs.
In addition, 60% of the samples contained higher DAP than
OP residues. The mole fraction of DAPs across the samples
varied widely, ranging from 0.02 to 0.99. Zhang et al. (2008)
found that the mole ratio of DAPs to parent OP insccticides
was both produce-specific and chemical-specific, with higher
ratios for diazinon, phosmet, chlorpyrifos, azinphos-methyl,
and malathion. When measured on strawberries, the ratio of
DAPs to parent insecticide (malathion) increased with time
since application, indicating continuous transformation. The
mole ratio of DAPs to malathion was [ .4 one day after applica-
tion, and increased to 8.7 after 9 days.

Morgan et al. (2011) measured chlorpyrifos and TCP Jevels
in food from homes and daycare centers of 127 Ghio preschool
children. The mean chlorpyrifos residues were 0.4 ng/g in
homes (n = 125} and 0.2 ng/g in daycare centers (n = 29). The
mean TCP residues were 2.6 ng/g in homes (n = 127) and 2.8

significantly higher than the chlorpyrifos residues. Moreover,
the Pearson correlation coefficient for dictary chlorpyrifos
and excreted urinary TCP was only 0.30, meaning that dietary
chiorpyrifos exposure explained only about 9% of the vari-
ability in excreted urinary TCP.

Chen et al. (2012) measured malathion and its transfor-
mation products, including the DAPs, MDA, and malathion
monocarboxylic acid (MMA), in 157 produce samples. The
samples had been confirmed previcusly to contain detectable
malathion, but no detectable levels of other OP insecticides,
The mean malathion residue was (.60 nmol/g, and the mean
preformed metabolite residue was 3.29 nmol/g. The mole
fraction of preformed metabolites (DAP + MMA + MDA)
ranged from 0.41 to 1.00. The mole ratio of total metabolites
to malathion parent ranged from 0.70 to 333.

In summary, by demonstrating that mostof the DAPs, MDA,
and TCP are formed on food items, these studies indicate that
the metabolite concentration measured in urine may be due
to direct exposure to these relatively non-toxic compounds,
rather than to the parent OP insccticide. The substantial vari-
ability in the metabolite-to-parent ratio reduces the value of
excreted metabolites as markers of OP insecticide exposure.

"To be precise, when formed in the environment, the DAPs are not “metabo-
lites” formed by enzymatic transformations, but rather are degradation prod-
ucts formed by hydrolysis or photolysis. However, we use the term “DAP
metabolites” in the paper {or brevity.

BIBMTE
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Rapid metabolism of OP insecticides

The epidemiclogic stadies of prenatal OP exposure typi-
cally include either one or two urinary measurements of OP
metabolites that are mtended to represent the exposure of the
mother during pregnancy. However, many OP insccticides
are metabolized relatively rapidly. Most OF insecticides are
typically excreted within 24-48 h (World Health Organiza-
tgon {WHO] 1996). Some homan exposure data suggest even
faster rates of metabolism for particular OP insecticides.
For example, Garfitt et al. (2002) reported that a single oral
dose of diazinon has a urinary chimination half-life of 2 h.
In a similar study, Bouchard et al. (2003) estimated a 4-h
half-life for malathion.

Given the rapid elimination of OP insecticides, any spot
measurement will reflect only recent exposure. If the relevant
exposure period of interest is an average over pregnancy. a
single measurement may be inadeqoate. There is no biological
basis to specify a particular exposure period during pregnancy
as especially relevant for neonatal or childhood outcomes
examined in this review. However, if the exposure period
of interest is a short time window during pregnancy, then a
spot measurement taken outside that window may not be
etiologically relevant.

DAP metabolites are non-specific

Multiple OP insecticides are metabolized into each of the six
DAPs (Duggan et al. 2003, Sudakin and Stone 2011). Some OP
nsecticides (e.g., malathion and disulfoton) are converted o
as many as three different DAPs, whereas others (e.g., dichlo-
rvos and tetrachlorvinphos) metabolize to only a single DAP.
Moreover, acephate and methamidophos do not metabolize to
DAPs at all (Solecki 2002).

There are substantial differences in toxicity across the
OP insecticides. The U.S. Environmental Protection Agency
(EPA) estimated chronic exposure benchmark doses using
10% brain AChE inhibition threshoid (BMD, ) for all regis-
tered OP insecticides. AChE inhibition is the widely recog-
nized mechanism of action for OP toxicity (Mileson et al.
199%). The BMD,, valuoes in the EPA assessment, based on
rat laboratory studies, ranged from (.04 milligrams per
kilogram body weight per day (mg/kg/day) for dicrotophos to
313.9 mg/kg/day for malathion (USEPA 2002), a nearly
8000-fold difference. Even among the most widely used OP
insecticides, the toxicity varies over orders of magnitude (see
next section). Such large differences in toxicity across OP
insecticides, combined with the fack of specificity for DAPs,
significantly limit the ability of DAP urinary levels to provide
an informative measure of toxic exposure.

Intra-individual variability in urinary DAP levels

Studies with repeated measures of urinary DAP concentra-
tions offer useful information on intra-individual variability.
Bradman et al. (2013) found that spot DAP measurcments in
children changed up to two orders of magnitude over a week
or even within a day. In 24-h urine samples, the DAP levels
differed by as much as an order of magnitude for samples col-
lected three days apart.

A number of researchers have reported that within-
child variability in DAP levels is higher than between-child

Crit Rev Toxicol, 2015; 45(7): 531-641

variability (Griffith et al. 2011, Sexton and Ryan 20172,
Bradman et al. 2013, Aufield et al. 2014). For example, within-
child variability in one study was 2—-11 times greater than that
observed across the study population (Attficld et al. 2014).
Griffith ¢t al. (2011) found similar results for children living
in an agricultural community in central Washington State.
Sexton and Ryan (2012) measured the intraclass correlation
coefficient for urinary DAP among clementary school children
in Minneapolis, and observed “only modest correlations” in
siblings from the same houschold.

Because the associations cstimated in the epidemiologic
studies are based on one, or at most two, DAP measurements,
a higher level of intra- than inter-individual variability can
lead to considerable exposure misclassification. Attfield ct al.
(2014) illustrated this problem by assigning subjects with
multiple available OF metabolite measures to four exposure
categories based on the mean values of -4 randomly selected
samples. If the metric under study is reliable, the grand means
of the four resulting exposure categories are expected to
ncrease monotonically. In this study, however, the resulting
grand means were monotonic only 14-15% of the time for
MDA and 19-32% for TCPy, when the exposure assessment
was based on only one sample per subject. When two samples
were used, the resulting grand means for MDA and TCPy were
monotonic 31-32% and 34-41% of the time, respectively.

Potential impact of exposure misclassification

Itis important to consider the potential impact of misclassifica-
tion of OP insecticide exposure on the resuits of epidemioclogic
studies. [t1s often said that if exposure nusclassification is non-
differential (i.e., independent of health status), hias is expected
to produce an attenuated measure of association {(Cantor et al.
1992). However, it 1s plausible that short-term variability in
dietary patterns and other influences on OP insecticide expo-
sure differ by health status. For example, diet is associated
with birth outcomes and neurodevelopment (Abu-Saad and
Fraser 2010, Millichap and Yee 2012, Smithers et al. 2013),
and changes in dict are commonly triggered by health status.
Consequently, if diseased individoals altered their dictary
habits more frequently than non-diseased individuals, then the
degree of exposure misclassification would differ by health
status, leading to an unknown degree or direction of bias. Even
if exposure misclassification is non-differential by health out-
comg, it does not necessarily result in a predictable direction
of bias. Additional conditions, such as independence of classi-
fication errors, nust be met for non-differential misclassifica-
tion of a binary exposue to result in bias toward the null, and
even then the tendency applies only to the expectation of the
estimated association, not to the value of the estimate from any
single study (Jurek et al. 2008, Jurck ct al. 2005). Moreover, for
exposures with multiple levels, non-differential misclassifica-
tion resulis in bias of unpredictable direction and magnitode
(Sorahan and Gilthorpe 1994, Wacholder et al. 1995).

Dose-response

OP insecticides or their active metabolites inhibit the enzyme
AChE, which breaks down the neurotransmitter acetylcho-
line. Neurotoxicity resulis from cxcessive accumulation of
acetylcholine in cholinergic synapses. Thus, inhibition of

BIGHTE
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nervous system AChE is generally regarded as the primary
toxic mode of action for OP insecticides (Mileson ¢t al. 1998,
U.S. EPA 2000). Accordingly, the 1.S. EPA regulates OP
insecticide safety by setting exposure levels to be sufficiently
low that excessive AChE mhibition will not occur (U.S. EPA
2000). It is possible that developmental neurotoxicity may
result from mechanisms other than AChE inhibition (Yang
et al. 2011). However, the U.S. EPA requires developmental
neurotoxicity studies for OP insecticides and has found that
AChHE inhibition is protective of developmental neurotoxicity
effects. 1t 1s acknowledged that developmental neurotoxicity
studies in animals may not be sensitive enough to detect all
developmental neurotoxicity-related effects; research in this
area continues.

In humans and other mammals, AChE exists in both the ner-
vous system (brain, spinal cord, and peripheral plexuses and
nerves) and the red blood cells (RBCs) with varying amounts
in plasma in some species. Another type of cholinesterase,
butyrylcholinesterase (BChE), is found in plasma and other
tssues (Li et al. 2003).

Inhibition of blood cholinesterase, either in RBCs or
plasma, is generally regarded as a marker of exposure, but
not necessarily a toxic effect (U.S. EPA 2000). Nevertheless,
because data on AChE activity in peripheral nervous system
tissues may be lacking in animal studies and data on periphb-
eral nervous system tissues and/or brain is usually lacking in
humans, the EPA regards AChE inhibition in blood as a surro-
gate for peripheral nervous system AChE inhibition in animals
and brain AChE inhibition in humans. Given that the relevant
target for toxicity is nervous system AChE and extensive data
are available on inhibition of brain AChE in rats and other
non-human species, the focus of the analysis described below
is on brain AChE inhibition,

It is useful to examine these data relative to the OP bio-
marker levels in nop-occupational settings to determine the
potential for brain AChE inhibition at the exposure levels
found in the epidemioclogic studies. As part of its risk assess-
ments for registration review, the U.S. EPA has developed
AChE dose-response models for brain AChE for OP insecti-
cides used in the United States. The dose—response models are
based on the benchmark dose for 10% mhibition (BMD o) of
brain AChE in animal studies. The BMD, ; represents the dose
that, on average across the animals, causes 10% AChE inhibi-
tion and is considered by the U.S. EPA to be a “response level
close to the background cholinesterase™ (17.5. EPA 2002). The
dose~response models are based on an exponential decline of
ACHE activity with dose.

We reviewed the U.S. Department of Agriculture (USDA)
Pesticide Data Program database to identify the OP insecti-
cides most commonly detected in food. The latest data are
from 2012 (USDA 2014). Four OP compounds—dimethoate,
omethoate, malathion, and chlorpyrifos—account for nearly
80% of the 663 detections. In the U.S. EPA risk assessments
(U.S. EPA 2005, 200%a, 2011), the lowest BMD,, values
were 1.4 mg/kg (4.1 nmol/kg) for chlorpyrifos, 1.5 mg/kg
(6.6 nmol/kg) for dimethoate, and 23.6 mg/kg (71.5 nmol/kg)
for malathion. For omethoate, we used the BMDy,, of 0.14 mg/
kg (0.68 nmol/kg) based on a cholinesterase study conducted
after the last U.S. EPA risk assessment (Reiss 2012). U.S. EPA
used a shghtly higher value of 0.18 mg/kg in its last dimethoate
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risk assessment based on earlier data (U.S. EPA 2005b). All
of the BMD, values are for exposure to rat pups on postnatal
day 11 and are the lowest BMD, estimates observed in pups,
adults, and pregnant dams. The rat pups were exposed directly
on postnatal day 11 and prenatally through exposure from the
dam. The rats in these studies were generally well nourished,
which may lead to uncertainty in applying the results to poorty
nourished human populations.

It is wseful to estimate exposures associated with DAP lev-
els measured in the epidemiologic studies so that AChE inhi-
bition asscciated with those DAP levels can be estimated. This
can be roughly accomplished by back-calculating an exposure
based on the DAP level and urine volume, acknowledging the
uncertainties in the calculation. Corl et al. (2003) provides a
simple equation to estimate the dosage associated with a uri-
nary DAP measurement:

DAP XV XMW

Dosage =
$ BW

where [DAP] is the total molar DAP concentration, V is
the daily urine volume, MW is the molecular weight, and BW
is the body weight. We assume a normal urine volame of
20 mE/kg/day (Gonzales and Bauer 1999). The urinary levels
are carrected for DAPs formed on food items by assuming
that 38% of the vrinary DAP levels are from exposure to the
pesticide, based on data from Zhang et al. (2008). Use of
the above equation to estimate the dosage of OP insecticide
associated with DAP measurements in the epidemiologic
studies has important limitations. The DAPs originate from
different OP compounds, but to apply the dose—response mod-
els, we need to assume that all DAPs originate from exposure
to one OP insecticide. In addition, data on DAPs formed on
food items are not available for all OP insecticides and com-
modities. The DAP measurements in the epidemiclogic stud-
ies are typically spot samples, yet the equation estimates full-
day exposures. Despite these limitations, the models provide
a useful approximation to assess AChE inhibition for dosages
corresponding to the urinary metabolite levels found in the
epidemioclogic studies.

Among participants in the 20002004 National Health and
Nutrition Examination Survey (NHANES), the geometric
mean of urinary DAP concentrations was 68 nmol/L, and the
corresponding 75th percentile was 186 nmol/L (Bouchard
et al. 2010). The NHANES data represent a sample of the
general non-iostitutionalized U.S. population. For the Cen-
ter for the Health Assessment of Mothers and Children of
Salinas (CHAMACOS) epidemiologic study, Bradman et al.
(2005) reported median and 90th percentile levels of 103 and
732 nmol/L for the first prenatal sample, 107 and 422 nmol/L
for the second prenatal sample, and 227 and 1349 nmoV/L
for the postpartum sample, respectively. The most recent
(2007-2008) NHANES data on urinary DAPs show that the
50th, 75th, 95th, and 99th percentiles across 2564 samples
were 48, 135, 587, and 1406 nmol/L., respectively, assuming
half the limit of detection for non-detects (CDC 2014). The
75th percentile of 155 nmol/L is somewhat lower than the 75th
percentile reported by Bouchard et al. (2010) for the 2000-
2004 NHANES data. The 98th percentile in the 2007-2008
NHANES data set is about 2000 nmol/L, which corresponds
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to exposures of less than about 8-14 pg/kg/day, depending on
the molecular weight of the OP compound.

Based on the dose-response models assuming that all expo-
sures are from a single OP insecticide, at 2000 nmol/L, the
estimated brain AChE inhibition was (0.002% for malathion
and 0.001% for chlorpyrifos. While malathion has a higher
BMD,,,, the chlorpyrifos data were fit to a different dose—
response model that has a low-dose shoulder, fimiting inhibi-
tion at low doses. At higher doses, the models diverge, and
malathion is estimated to cause less inhibition than chlorpy-
rifos. The estimated brain AChE inhibition at 2000 nmol/L is
(.03% for dimethoate and (.2% for omethoate.

These low levels of brain AChE inhibition are highly
unlikely to be chinically detectable, particularly considering
the variety of factors that may affect AChE activity. For exam-
ple, solanaceous glycoalkaloids found in potatoes cause AChE
inhibition (Krasowslki et al. 1997); so does huperzing, another
natural product derived from club moss, which is used in the
treatment of dementia (Ozarowski et al. 2013). The inhibition
of AChE activity associated with huperzine is hypothesized
to result in improvements in long-term memory (Ozarowski
et al. 2013). Lefkowitz et al. (2007) evaluated bascline RBC
AChE activity for 46 workers over an average of 20 vears of
employment. The mean coefficient of variance for RBC AChE
was 3.9%. Ferioli and Maromi (2011) report inter-individual
variations in RBC AChE of 10-18% and intra-individual
variations of 3-7%. This baseline variance for individuals is
higher than the estimated AChE inhibition at upper percentiles
of the doses reported in the epidemiologic stadies. Moreover,
these data are for RBC AChE, which adds uncertainty, because
RBC AChE activity serves as a surrogate measure of brain
AChE function.

The estimates from the U.S. EPA dose-response models
are for the mean response in rats and do not account for intra-
individual variability or the potential for increased sensitivity
in hamans. There are limited data to directly compare animal
and human sensitivity to OP compounds, although the mecha-
nism is considered similar. There was no RBC cholinesterase
inhibition in a single-dose study of humans at malathion doses
as high as 15 mg/kg (Giles and Dickson 2000). This is higher
than the 7.6 mg/kg estimate (95th percentile lower limit of
the BMD, ) for malathion-induced RBC cholinesterase inhi-
bition based on an acute dose to rats (U.S. EPA 2009b). Tim-
chalk et al. (2002) developed physiologically based pharma-
cokinetic and pharmacodynamic (PBPK/PD) models for rats
and humans for chlorpyrifos and found similar differences in
chlorpyrifos sensitivity between rats and humans for RBC
AChE inhibition. Even with a 100-fold uncertainty factor, the
estimated AChE inhibition levels are low. At a DAP urinary
level of 2000 nmolL and assuming a 100-fold uncertainty
factor, the AChE ighibition is estimated to be (.2% for mala-
thion, 2.1% for chlorpyrifos, 2.4% for dimethoate, and 21%
for omethoate. While the omethoate estimate is above 10%, it
was derived conservatively by assuming that all DAPs come
from omethoate consumption, in addition to the 100-fold
safety factor.

The available dose-response models are for acute exposures.
There is no biological basis to determine whether the possible
cffects found in the epidemiologic studies are caused by acute
(during a small window of pregnancy) or chronic {over the

Crit Rev Toxicol, 2015; 45(7): 531-641

course of pregnancy) exposures. The dose-response analysis
was donc with acute exposurcs, because the DAP urinary
measurements correspond to short-term exposures. Bradman
et al. (2013) showed that there is a large variability in DAP
measurements for individuals over one weck. Thus, urinary
DAP levels may not be appropriate for chronic dose-response
assessment, unless steady state has been reached between dose
rate and biotransformation/elimination, resulting in a plateau
steady-state level of metabolite(s).

While most agree that OP toxicity is mediated through
AChE inhibition, some have argued that toxicity from OP
insecticides occurs at doses lower than those required to cause
AChHE inhibition (e.g., Slotkin and Seidler 2007). However,
for many studies that have reached this conclusion, subsequent
observations indicate that the AChE activity measurements
from the inhibition tests were conducted long after the initial
exposure. This allowed time for the AChE activity to recover,
missing the point of maximum inhibition, and resulting in an
underestimate of AChE inhibition (Eaton et al. 2008). Many
of these studies were done with chlorpyrifos. It was also noted
that the doses used in several of these studies ranged from 1 to
5 mg/kg chlorpyrifos administered subcutaneously to rat pups,
or prenatally (Eaton et al. 2008). For 20 mL/kg/day of urine
volume (Gonzales and Bauer 1999), assuming that 38% of
DAPs are from exposme to chlorpyrifos (Zhang et al. 2008),
the estimated DAP Jevels associated with 13 mg/kg of chlo-
rpyrifos dose are approximately 375 G00-1 900 000 nmoV/L,
levels that are well above those measured in the epidemiologic
studies discassed in this section.

Some recent studics have also pointed to OP-mediated
enzyme inhibition in the endocannabinoid system, which is
important in nervous system development, and suggested that
these effects occurred at doses that do not cause AChE inhibi-
tion (e.g., Carr et al. 2013). However, at this time, the meaning
of these effects is unclear.

Overall, there are no toxicological data to suggest that del-
eterious effects could occur as a result of the low-level OP
insecticide exposures experienced by subjects in the epide-
miologic studies.

Confounding and bias

OP exposure in non-occupationally exposed populations is
likely driven by diet and residential pesticide use (Krieger et al.
2012). Both diet/mutritional status and residential pesticide use
may, in turn, be associated with other factors that affect health,
thereby potentially resulting in confounding bias. In addition,
selection bias can occur if study completion rates {in cchort
studies) or participation rates (especially in case—control and
cross-sectional studiesy vary according to OF exposure, and
health outcome.

For example, maternal body mass index (BMD), smoking,
and nutrition can influence urinary DAP levels (see Figure |
developed from CDC 2014 data; other data from CDC 2014
show that smokers have lower urinary DAP levels), as well as
birth outcomes (Marshall and Spong 2012, Mason et al. 2012,
Andres and Day 2000). These factors, along with childhood
nutrition and BMI, which is inversely associated with urinary
DAP levels (see Figure 2 developed from CDC 2014 data),
can also influence neurodevelopmental outcomes in children
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Tigure 1. Urinary DAP (nmol/L) versus BMI for adults (> 18 years
of age) in the 2007-2008 NHANES dataset. Note: Graph truncated
at 1000 nmol/L. DAP concentration. which is about the 97th percentile.
Red line produced with a LOESS smoothing function in the R
programming language (R Core Team, 2014).

(Bliddal et al. 2014, Sandjaja et al. 2013, Neggers et al. 2003,
Burkhalter and Hillman 2011, Anjos et al. 2013).

Another issue is that PON1, an enzyme that detoxifics some
OP insecticides and that could therefore play an important role
in mediating their toxic effects, may influence health outcomes
independently of its cffects on bioavailable OP levels—for
example, through an antioxidant mechanism (Macharia et al.
2014y, PON1 activity has a myriad of endogenous and envi-
ronmental influences, including diet and lifestyle, as well as
genetic determinants (Aviram and Vaya 2013, Schrader and
Rimbach 2011). Thus, PONI1 activity level could also con-
found apparent associations between DAP levels and health
outcomes through a DAP-independent pathway.

In summary, numerous environmental and endogenous
factors can affect birth outcomes and neurodevelopment, and
many of these factors—including PON1 activity levels—may

1000
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Thgure 2. Urinary DAP (numol/L) versus BMI for children (<019 years
of age) in the 2007-2008 NHANES dataset. Note: Graph truncated at
10060 amol/L. DAP concentration, which is about the 97th percentile. Red
line produced with & LOESS smoothing function in the R programoming
language (R Core Team. 2014).
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also nfluence OP internal dose and DAP levels, thereby lead-
ing to confounding. Sclection bias may also occur if these
factors influence study participation or completion rates. The
full scope of determinants of OP and DAP exposure levels and
of birth and neurodevelopmental outcomes is not known, and
potentially vast. Even if statistical models adjust for several
behavioral factors, residual confounding may occur due to
omission of important variables or imprecise classification of
those that are included.

Review of epidemiologic studies
Birth cutcomes

Eleven studies in seven birth cohorts have investigated
associations between OP metabolites and birth outcomes
{Barr et al. 2010, Berkowitz et al. 2004, Eskenazi et al. 2004,
Harley et al. 2011, Perera et al. 2003, Rauch et al. 2012, Wang
et al. 2012, Whyatt et al. 2005, Whyait et al. 2004, Wickerham
et al. 2012, Wolff et al. 2007) (Table 1). All studies evaluated
OP or OP metabolite levels in maternal prenatal or perinatal
biospecimens and/or nmbilical cord blood, in relation to stan-
dard measures of size and gestational age at birth ascertained
from medical records, a computerized hospital perinatal data-
base, and/or hospital delivery logs. Table 2 summarizes the
analyses in the studies evaluating birth outcomes.

Columbia Center for Children’s Environment and Health

The first study, based at the Columbia Center for Children’s
Environment and Health (CCCEH), followed healthy, non-
smoking, pregnant Dominican and African American women
who had lived for at least one year in northern Manhattan or

through delivery (Table 1) (Perera et al. 2003, Whyatt et al.
2005, Whyatt et al. 2004). Study enrollment took place between
19928 and 2006. Chlorpyrifos, diazinon, and other pesticides
were measured in maternal plasma samples coliected within
two days postpartum and in umbilical cord blood collected
at delivery. Over the study period, average OP insecticide
metabolite concentrations progressively declined. The mean
concentration of chlorpyrifos was 7.1 pg/g in maternal plasma
and 7.6 pg/g in cord plasma in an carlier study (Perera et al.
2003), but fell to 3.9 pg/g (standard deviation [SD]=4.8) in

extended enrollment (Whyatt et al. 2005}, o the latter study,
the mean concentration of diazinon was 1.3 pg/g (SD = 1.8)
in maternal plasma and 1.2 pg/g (SD = 1.4) in cord plasma.
OP insecticide levels were also measured in personal ambient
air samples collected by mothers, who were asked to wear a
backpack air sampling pump during the day and to place the
monitor near the bed at night for two consecutive days dur-
ing the third trimester of pregnancy. Mean air concentrations
were 14.3 ng/m* (SD = 30.7) for chlorpyrifos and 99.5 ng/m’

In multivariate adjusted linear regression models based on
263 mother-newborn pairs and with natural logarithm (In)-
transformed outcomes, maternal perinatal plasma chlorpyri-
fos levels (pg/g) were significantly inversely associated with
birth weight (beta = —0.04 In-g. 2=0.01) and birth length
(beta =
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2003). The inverse association with birth weight was statisti-
cally significant among African Americans but not Domini-
cans, whereas the reverse race/ethnicity patiern was observed
for birth length. In subscquent analyses based on 314 mother—
newborn pairs, cord plasma chlorpyrifos levels (In-pg/g)
were also significantly inversely associated with birth weight
(beta=—42.6 g, 95% confidence interval {Cl]= —81.8,

—(.01), but not head circomference (beta = — 0.01 cm, 95%
Cl=—0.13, 0.11) (Whyatt et al. 2004). Slightly stronger
inverse associations were observed with cord plasma chlo-
rpyrifos and diazinon levels combined, but diazinon itself was
not significantly associated with any of the three outcomes.
Maternal prenatal personal air levels of chlorpyrifos, diazinon,
and both OPs combined also were not significantly associated
with any of the three birth outcomes. The inverse associations
between cord plasma chlorpyrifos and birth weight and length
were restricted to newhorns born before January1, 2001, when
the U.S. EPA instituted regulations to phase out residential use
of these insecticides; exposure levels were substantially lower
and no associations were detected in newborns born in 2001 or
fater. Similar findings were reported in a slightly larger group
of mother-newborn pairs with cord plasma measures of chlo-
rpyrifos and diazinon (Whyatt et al. 2005). Specifically, birth
weight was 67.3 g lower (95% Cl= — 116.6, — 17.8), and birth

each one-unit (ln-pg/g) increase in cord plasma chlorpyrifos
among 237 newborns born before January 1, 2001, but no such
association was detected among 77 newborns born after that

beta for birth length = 0.07 cm, 95% CI = — .65, (.79).

Substantial strengths of the CCCEH study inchude the use
of ohjective, individually measured metabolites to characterize
exposure to OP insecticides (a strength of all studies discussed
in this review), the availability of information on numerous
potential confounders, and the prospective design, with mater-
nal interviews and personal air monitormg conducted during
the third trimester of pregnancy, prior to the health outcomes
of interest.

Some methodological himitations of the CCCEH study
should be noted. First, a single maternal blood sample was
collected from each subject at or shortly after delivery. Normal
fetal growth is approximately lincar between I8 and 37 weeks
of gestation, after which it plateaus; thus, maternal plasma OP
levels at delivery may not reflect levels in past weeks or months,
and may be etiologically irrelevant to fetal growth. Although
maternal air samples were obtained in the third trimester of
pregnancy, it is unknown whether a single sample collected
aver twa days is representative of exposure at other time points.
Second, the number of participants was modest, especially
after stratification by race/ethnicity or birth date, resulting in
several statistically unstable estimates of association (i.¢., wide
confidence bounds). Third, given the many potential influences
on chlorpyrifos and diazinon levels in peripheral blood and air,
as weldl as on birth outcomes, wncontrolied confounding by diet
and other factors may partially explain some of the observed
results. However, without detailed knowledge of established
predictors of chlorpyrifos and diazinon exposure and of birth
outcomes in this study population, the direction of potential

Crit Rev Toxicol, 2015; 45(7): 531-641

confounding is difficult to predict, and the magnitude is prob-
ably limited by the adjustment for several major influences on
birth outcomes. Fourth, because numerous hypotheses were
tested, at least some statistically significant associations are
expected due to chance. Neither this study nor any other study
of birth outcomes described in this review made statistical cor-
rections for multiple comparisons. Although such corrections
are not standard in traditional epidemiology, authors who do
not correct for multiple comparisons should report the mumber
and nature of all associations tested, how certain associations
were selected for reporting, and the probable effect of such
selection on the results (Rothman et al. 2012). As evidence
in other arcas of research, particularly genetic epidemiol-
ogy, numerous exploratory analyses almost inevitably lead
to false-positive results and recent methodological literature
includes several practical ways of dealing with this problem
(Wacholder et al. 2004, Suomberg et al. 2008, Weitkunat et al.
2010, Wakefield 2007).

Finally, the completeness of follow-up from enrollment
through delivery was not reported, but if follow-up varied by
uncontrofled factors, such as diet, that might be associated
with maternal OP exposure and birth outcomes, then an unpre-
dictable degree of selection bias could have occurred. Cohort
participation rates also were not reported (but were stated as
70% in an earlier publication [Whyatt et al. 2002]), and could
have been a source of a moderate degree of selection bias if
participation were related to OP exposure and birth outcomes.
{Participation bias is usually considered not to be a major con-
cern in prospective cohort studies, because outcomes occur
after cohort entry, but with relatively short-term follow-up, it
is conceivable that participation could be associated with risk
of adverse birth outcomes.)

In summary, results in the CCCEH cohort suggest an
inverse association of maternal perinatal plasma levels of
chlorpyrifos, but not diazinon, with birth weight and birth
length, but not with head circumference, in an urban, low-
income, minority population. The observation of associations
only among newborns born before 2001, when exposure lev-
els were higher, suggests a possible exposure threshold below
which chlorpyrifos is not associated with birth outcomes. The
detection of certain associations only in African Americans
but not Dominicans, or vice versa, indicates that the observed
associations may be attributable to excessive stratification.
The lack of asscciations with maternal prenatal personal air
levels of chlorpyrifos and diazinon raises the question of
whether route of exposure is an effect modifier of associations
between OP exposure and birth outcomes. Farthermore, the
different results for chiorpyrifos and diazinon suggest that OP
insecticides should be analyzed separately, not combined, with
respect to birth outcomes, although this approach raises the
probiem of multiple comparisons. Overall, the inconsistent
results by outcome, racial/ethnic group, and exposure metric
render the findings difficult to interpret, and do not provide
compelling evidence to support an adverse effect of chlorpyri-
fos or diazinon on fetal growth.

Mount Sinai Children’s Environmemal Cohort Study

Another birth cohort based in New York City, the Mount Sinai
Children’s Environmental Cohort Study (CECS), enrolled
BHIOMTSHE
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Low-level OP insectide exposures
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404 consecutive healthy, primiparous pregnant women with a
singleton pregnancy at = 26 weeks of gestation in 1998-2001
(Table 1) (Berkowitz et al. 2004, Wolff et al. 2007). OP
metabolites, including TCPy (a metabolite of chlorpyrifos and
chiorpyrifos methyl), MDA (a metabolite of malathion), and
six DAP metabolites were measured in maternal urine col-
lected during the third trimester. Median concentrations were
7.6 pg/l (below the limit of detection {LOD] of 11.0 pug/L)

MDA, 75.9 nmol/L (range = < 1-4 [LOD]-4987) for DAPs,
42.2 nmol/L (range = 1-4-4903) for DMPs, and 18.8 nmol/L

tion, five genetic polymorphisms (Q192R, L55M, C-909 (G,
A-162 G, and C—-108 Ty in the PONI gene, PONI1 enzymatic
activity against phenyl acetate, and butyrylcholinesterase
(BChE) enzymatic activity against butyrylthiocholine were
assessed in the third-trimester maternal blood and umbili-
cal cord blood. PON1 acts as a detoxifying enzyme for OP
meiabolites, and higher-activity alleles (e.g., PONI ,, QQ
and PONI . CC) and higher enzyme levels are hypothesized
to protect against potential adverse health effects of OP expo-
sure. A recent paper has found that PONT activity with phenyl
acetate as a substrate may not be a reliable index of the quan-
tity of PON1 protein, because the hydrolysis of phenyl acetate
is not independent of genotype (McDaniel et al. 2014).

When maternal prenatal urinary TCPy concentration was
dichotomized at the LOD (11.0 pg/L.). no significant associa-
tion was obhserved with birth weight, birth length, or head cir-
cumference after multivariate adjustment, based on 387 sub-
jects (Table 2) (Berkowitz et al. 2004). Moreover, none of the
three birth outcomes differed significantly by the presence of
maternal prenatal urinary TCPy within strata of low, medium,
or high maternal PONT activity. Log, -transformed concentra-
tion of maternal prenatal urinary DAPs, with or without crea-
tinine adjustment, was not significantly associated with birth
weight, birth length, ponderal index, or gestational age, but
it was significantly inversely associated with head circumfer-
ence (beta = — (.26 cm, standard error [SE] = 0.13, P = 0.045
without creatinine adjustment; similar results with creatinine
adjustment) (WollT et al. 2007). Log, ,-transformed concentra-
tions of maternal prenatal urinary DMPs and DEPs also were
not significantly associated with birth weight, birth length,
ponderal index, head circumference, or gestational age, nor
was maternal prenatal urinary MDA concentration, dichoto-
mized at the LOD (0.3 ug/l.), significantly associated with any
of these ocutcomes. There was some evidence that maternal
prenatal urinary DEPs interacted with maternal PONT activity
and PONT . genotype. Birth weights were significantly lower
among those with higher DEP concentrations and lower PON1
activity or the PONI , RR (low-activity) genotype, compared
with those with lower DEP concentrations and higher PON1
activity (P = 0.042) or the PONT . QQ (high-activity) geno-

among those with higher maternal prenatal urinary DMP con-
centrations than among those with lower DMP concentrations
within the stratum of lower maternal PON1 activity (2 = 0.032),
and among those with higher maternal prenatal urinary DMP
concentrations and the PONT ,,, RR genotype, compared with
those with lower prenatal DMP and the PON/I |, QQ genotype

Crit Rev Toxicol, 2015; 45(7): 531-641

detected (or at least were not reported) for total DAPs or for
other birth cutcomes.

Notable strengths of the Mount Sinai CECS are comparable
to those of the CCCEH study, and include the personal mea-
surement of OP metabolites, the detailed characterization of
the study cohort, and the prospective design, with exposures
measured during the third trimester of pregnancy. Participants
were enrolled during a narrower time window, preventing
evaluation of associations before and after 2001, but informa-
tion on FON! genotypes and PONT and BChE activity enabled
the assessment of putatively susceptible subgroups. Several
Limitations are also shared between the cohorts, including the
collection of single biospecimens for exposure assessment, the
small number of subjects and nmltiple hypothesis testing in
stratified analyses, and possible modest confounding. Thirty-
three percent of cligible women consented to participate, and
74% of participants were ultimately inciuded in the analysis
after exclusions due to medical issues, lack of biospecimens,
change of hospital or residence, or refusal, with shorter
follow-up for younger and less-educated mothers. If participa-
tion and/or follow-up were associated with both OP exposure
and subsequent birth outcomes, then selection bias could have
distorted the results in an unpredictable direction. Maternal
prenatal urinary TCPy and MDA levels were analyzed as
dichotomous variables (detectable or non-detectable), preclud-
ing analyses of exposure-response trends. As described earlier
n this paper, urinary DAP concentrations are unlikely to accu-
rately reflect long-term exposure to OP insccticides. They also
do not enable identification of associations with specific OP
insecticides, which differ substantially in acute toxicity.

Taken together, the results in the Mount Sinai CECS cohort
show no association between maternal prenatal levels of TCPy
or MDA and birth ocutcomes. Higher maternal prenatal DAP
levels were associated with smaller head circumference, but
not birth weight, birth length, ponderal index, or gestational
age, while maternal prenatal DMP and DEP levels were not
significantly associated with any of these outcomes in the
combined cohort. The association with head circumference
alone could be interpreted as indicative of a neurotoxic effect
or, alternatively, a chance for finding amid predominantly null
results. Some interactions in the expected direction (assum-
ing greater susceptibility in those with lower PON1 activity)
were detected between prenatal DMPs or DEPs and maternal
PON1 activity or #ON! ,,, genotype in association with birth
weight or birth length. However, no explanation was provided
for why DMPs would interact with PONI activity and geno-
type in relation to birth length but not weight or other birth
outcomes, whereas DEPs would interact with PON1 activity
and genotype m relation to birth weight but not length or other
birth outcomes. The internally inconsistent findings indicate
no clear relationship between prenatal exposure to OP insecti-
cides and fetal growth or gestational age.

Center for the Health Assessment of Mothers and
Children of Salinas

The CHAMACOS prospectively enrolled pregnant women
entering prenatal care at <<20 weeks of gestation between
1999 and 2000 in a primarily Latino, low-income, farm-
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worker population in the Salinas Valley of California (Table 1)
(Eskenazi et al. 2004, Harley et al. 2011). Six DAP metabolites
were measured in maternal spot urine specimens collected at
approximately 13-14 weeks and 26-27 weeks of gestation
and averaged aver the two time points. In addition, seven OP
insecticide metabolites, including TCPy, MDA, 4-nitrophenol
{(PNP; a metabolite of methyl parathion, parathion, and other
chemicals), 2-dicthylamino-4-hydroxy-6-methylpyrimidine
(a metabolite of pirimiphos methyl). 2-isopropyi-4-methyl-6
-hydroxypyrimidine (& metabolite of diazinon), 3-chloro-4-
methyl-7-hydroxycoumarin (a metabolite of coumaphos and
coumaphos methyl), and 5-chloro-1-isopropyl-3-hydroxytri-
azole (a metabolite of isazophos and isazophos methyl), were
measured in the same maternal prenatal urine specimens. The
iastfour were detected in fewer than 11% of subjects and there-
fore were not studied further. Median concentrations (range)
in materpal prenatal nrine were 136 nmol/L (10-6854) for
DAPs, 101 nmol/L (5-6587) for DMPs, 22 nmoV/L (2-680)
for DEPs, 3.3 pg/LL (0.2-56.1) for TCPy, 0.2 pug/l. (0.2-28.9)
for MDA, and 0.5 (0.1-34.7) for PNP (Eskenazi et al. 2004).
AChE and BChE activities were measured in maternal blood
taken at ~26-27 weeks of gestation and before delivery, and in
umbilical cord blood taken at delivery. In addition, PON/ 102
and PONI . polymorphisms were genotyped in maternal
and cord blood specimens, and PON1 arylesterase activity
against phenyl acetate (as a measure of PON1 guantity) and
paraoxonase activity against paraoxon {as a measure of PON1
activity) were measured in maternal post-delivery and cord
blood specimens.

After multivariate adjustment in 485 mother-newborn
pairs, a 10-fold increase (i.e.. 1 log,,-nmol/l. increase) in
malernal prenatal urinary DAP concentration was positively,

tively associated with head circumference (beta=0.32 cm,
95% CI=0.03, 0.62) (Table 2) (Eskenazi et al. 2004}. After
urinary DAP levels were controlled for creatinine, the asso-
ciation with birth Jength was no longer evident; however, the
result for head circumference did not change. Maternal prena-
tal urinary DAP concentrations were not significantly associ-
ated with length of gestation, preterm delivery (birth at <37
weeks of gestation), birth weight, low birth weight (<2500
2). ponderal index, or small size for gestational age at birth
(<< 10th percentile for birth weight at gestational age), nor were
maternal prenatal vrinary DMP or DEP concentrations signifi-
cantly associated with these outcomes, other than an inverse
association between prenatal DMPs and length of gestation
(beta = — 0.41 weeks, 95% CIl=—0.75, —0.07). In analyses
by timing of prenatal DMP measurement, the latter association
appeared to be stronger after 22 weeks of gestation. Maternal
prenatal urinary TCPy and MDA levels were not significantly
associated with any outcome evaluated. When maternal pre-
natal urinary PNP levels were categorized as undetectable,
detectable, and below the median, or detectable and at or above
the median, newborns in the middie category of exposure, but
not the highest category, had a shorter fength of gestation and
ionger birth length than those in the lowest category. However,
the authors cantioned that “PNP may derive from compounds
other than parathion” (Eskenazi et al. 2004). AChE activities

Low-level OP insectide exposures 567

significantly associated with Jonger gestation, and lower levels
were associated with a significantly higher odds of preterm
birth and low birth weight. However, activities in maternal
prenatal and delivery blood were not significantly associated
with length of gestation, birth weight, or the other outcomes
assessed. Activities of BChE in maternal prenatal plasma,
maternal plasma at delivery, and cord plasma at delivery also
were not significantly associated with any of the outcomes
exantined. The authors did not have baseline AChE data; thus,
AChE and BChE inhibition was not measured. Furthermore,
AChE and BChE levels may vary significantly across time due
to changes in OP insecticide exposure and/or natural variabil-
ity. In stratified analyses by PONI genotype or PONT activity,
maternal prenatal urinary DEP levels were associated with
shorter gestational age only among infants with the PON/
TT (low-activity) genotype (P . =0.09; Table 2) (Har-
fey et al. 2011). Maternal prenatal vrinary DAP and DMP
levels were (non-significantly) associated with higher birth
weight only among those with the PONI o CT genotype
P, raction = U-06 and (.05, respectively), whereas associations
with birth weight were statistically non-significant among
those with the TT genotype. Positive associations with head
circumference were detected only among those with PONT
CT or PONI,,, RR (low-activity} genotype. Cord blood
PON]1 arylesterase and paraoxonase activity levels were not
significant modifiers of the associations between maternal pre-
natal DAP, DMP, or DEP concentrations and birth cutcomes,
although a significant positive association between prenatal
DEPs and birth weight was detected only among those with
high cord blood levels of PONI.

The CHAMACOS study has several methodological
strengths, including its relatively large size, evaluation of
numerous potential confounders, and collection of several
individual-level OP metabolites around the beginning of the
second and third trimesters of pregnancy.

Limitations of CHAMACOS include use of on only two
averaged biospecimens to characterize exposure and the other
concerns identified above for the CCCEH and CECS studies, as
well as the inherent shortcomings of DAP metabolites as bio-
markers of OP insccticide exposure. Additionally, the 33.2%
participation rate (with a follow-up rate of approximately 88%})
raises concerns about selection hias, although the direction and
magnitude of such bias cannot be quantified. The main analy-
ses in the whole CHAMACOS cohort indicate that maternal
prenatal levels of DAPs, DMPs, DEPs, TCPy, and MDA, and
activities of AChE or BChE, were not associated with most
birth outcomes examined. The only exceptions were the posi-
tive association between DAPs and head circumference and
the inverse association between DMPs and length of gestation,
especially when DMP concentrations were measured after the
midpoint of pregnancy. The associations of maternal prenatal
PNP levels with shorter gestation and greater body length were
not consisient with a monotonic exposure-response trend, and
the findings for AChE activities in cord blood were not con-
sistent with the findings for activities in maternal prenatal and
perinatal blood. The observed associations were not modified
by PON1 quantity or activity, but some evidence of modifi-
cation by PONI genotype was found, albeit with somewhat
contradictory patterns (c.g., positive associations with birth
weightin PFONI . CT carriers, but positive associations with
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head circumference in PONI o, RR carriers). The authors not
only interpreted the inverse association between DMPs and
length of gestation as being consistent with a stimulatory
effect of OP insecticides on uterine contraction, but also noted
that the 6.4% rate of preterm delivery in this population was
lower than the U.S. average (Eskenazi et al. 2004). Informa-
tion is lacking on effects of OP insecticides on uterine smooth
muscie. However, in mouse uterus, regulation of acetylcholine
levels is dominated by BChE and activity changes in excess
of 50%. which can occur during the estrus cycle, appear to
be required to cause substantial changes in uterine contractile
activity (Medina et al. 1993). In light of the scattered positive
associations with some but not all indicators of fetal growth
and the internally inconsistent associations with fength of ges-
tation, the overall results do not demonstrate an adverse effect
of prenatal exposure to OF insecticides on birth outcomes.

New Jersey birth cohort

In a convenience sample of 150 New Jersey women with a
non-anomalous singleton pregnancy schedoled for an clec-
tive cesarcan birth at =37 weeks of gestation in 2003-2004,
chlorpyrifos and other pesticides were measured in preop-
crative maiernal serum and wmbilical cord serum (Table 1)
(Barr et al. 2010). The mean chlorpyrifos concentration was

and 0.35 ng/g (SD = 0.73, range = 0.0007-1.84) in cord serum.
After multivariate adjustment, mean birth weight, head circum-
ference, abdominal circumference, and birth length did not dif-
fer significantly between newborns with maternal prenatal or
cord serum chlorpyrifos concentrations = 75th versus <<75th
percentile (0.0007 ng/g), nor did they differ significantly when
the cutoff was sct at the 90th percentile (Table 2).

Strengths and Hmitations of the New Jersey birth cohort
study are comparable to those described above for other pro-
spective birth cohort studies. Chlorpyrifos levels measured in
maternal blood just before cesarcan section may not be accu-
rate indicators of earlier prenatal levels, which are probably
more ctiologically relevant to fetal growth. Because subjects
were recruited by convenience sampling, the participation rate
was not stated, and selection bias is a possibility if participa-
ton was related to factors associated with both chlorpyrifos
exposure and birth outcomes (e.g., socioeconomic status,
diet, and place of residence). It is unclear whether results for
newborns delivered by elective cesarean section would be
expected to differ from those for newborns delivered vaginally
or by unplanned cesarean section. Finally, the scope of the
study with regard to OP insecticides was limited by the mea-
surement of only chlorpyrifos. As a whole, the results of this
study do not demonstrate an association between detectable
chlorpyrifos in maternal perinatal serum and birth outcomes.

Shanghai birth cohort

Among 187 healthy women in Shanghai with an uncompli-
cated singleton pregnancy in 2006-2007, five DAP metabo-
lites were measured in maternal spot urine specimens col-
Iected at the onset of labor (Table 1} (Wang et al. 2012).
Geometric mean concentrations were 17.19 pg/l. (range = <
LOD-269.15) for DMP, 8.01 pg/L (range = <<LOD-109.65)
for DMTP, 6.03 pg/l. (range = <LOD-109.65) for DEP,

Crit Rev Toxicol, 2015; 45(7): 531-641

6.31 ug/L. (range = << LOD-131.83) for DETP, and undetect-
able (range = < LOD-5.1; 5.34% detectable) for DEDTP.
In multivariate adjusted models including all 187 newborns,
no significant association was detected between any mater-
nal prenatal urinary DAP metabolite or all DAPs com-
bined and length of gestation, birth weight, or body length
(Table 2). Among the 91 girls, log-transformed DEP con-
centration was significantly inversely associated with length
of gestation (beta = — 1.79 weeks, 95% Cl= —2.82, —.76;
log scale not specified), but no such association was observed
among boys (beta = 0.17 weeks, £ =0.164). No other signifi-
cant associations were reporied among girls or boys only.

The strengths and limitations of the Shanghai birth cohort
study have been described in the context of other prospective
birth cohort studies. The high participation rate (stated as 97%
among eligible subjects) is a strength, although the derivation
of this rate (i.c., the definition of the eligible source popula-
tion) is not clear.

As stated carlier, DAP metabolite levels measured at the
time of labor may not reflect earlier exposure levels, which
may be more relevant to fetal development. In addition, the
limitations of DAP metabolites for OP exposure assessment
were discussed previously. The authors noted that DAP metab-
olite levels observed in this study were substantially higher
than those reported among pregnant or postpartum women in
the United States (Bradman et al. 2005) and the Netherlands
(Ye et al. 2008), yet only one statistically significant associa-
tion was detected. The authors did not hypothesize why levels
of DEP, but not other DAP metabolites, might plausibly be
related to shorter length of gestation, but not other birth out-
comes, only among girls. With at least 54 associations tested,
chance appears to be a more reasonable explanation for this
single statistically significant result.

Health Ouicomes and Measures of the Environmeru Study

In the Health Outcomes and Measures of the Environment
(HOME) Study, based in Cincinnati, Ohio, 389 healthy preg-
nant women living in a home built before 1978 were enrolled
at == 19 weeks of gestation and followed through delivery of
a live-born singleton infant in 2003-2006 (Table 1} (Rauch
et al. 2012). Six DAP metabolites were measured in mater-
nal spot urine samples collected from 344 participants at
approximately 16 and 26 weeks of gestation (averaged for
analysis} and within 24 h of delivery. Median concentrations

(IQR = 26-185) for DMPs, and 17.7 nmol/L (IQR = 8-37) for
DEPs. In addition, umbilical cord blood was genotyped for the
PONI o, and PONI_,,, polymorphisms.

Statistically significant inverse associations were detected
in multivariate adjusted models between log, -transformed,
creatinmne-standardized maternal prenatal urinary DAP or
DMP concentrations and length of gestation (beta for DAPs =
— 0.5 weeks, 95% Cl = — 0.8, —0.1; beta for DMPs = —0.4
weeks, 95% Cl=-—0.7, 0.0) and birth wecight (beta
for DAPs=--151 g 95% Cl=-—287, - 16; beta for

et al. 2012). However, the associations with birth weight
were substantially attenuvated and not statistically signifi-
cant after adjustment for gestational age. Maternal prenatal
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urinary DEP concentrations were not significantly associated
with ecither outcome. After stratification by race, the inverse
associations of prenatal DAPs and DMPs with length of ges-
tation were detected only for white mothers (P, . =0.10
and 0.09, respectively), wherecas the inverse associations of
prenatal DAPs and DMPs with birth weight were detected
only for black mothers and only after additionally adjusting
for gestational age (P, . =0.02 and 0.02, respectively).
In models stratified by genotype, maternal prenatal urinary
DAP concentrations were inversely associated with length of
gestation only among newborns with the PONT ., OR or QQ
(not the low-activity RR) genotype (P, . = 0.04 and (.09,
respectively) or the PONJ 0 CT (not the high-activity CC
or low-activity TT) genotype (P, . =0.04). The inverse
association between maternal prenatal urmarv DAP concen-
tration and birth weight was observed only among newborns
with the PONI,,, QR genotype (P, =0.02) or the

interaction

PONI .. CT genotype (P, . =0.15). Models stratified
by both race and genotype were not only based on small num-
bers and were thercfore statistically unstable, with wide Cls,
but also suggested stronger associations among heterozygotes.
Results were modestly attenuated when restricted to full-term
births, based on non-creatinine-standardized DAP concentra-
tions, or based on DAP concentrations from either 16 or 26
weeks only.

Besides the previously noted strengths and fimitations of
prospective birth cohort studies, this study benefits from the
measurement of maternal urinary DAP metabolite levels at two
time points near the beginning and end of the sccond trimester.
The 37.1% participation rate among 1263 eligible women, com-
bined with the 36% follow-up rate through delivery (including
twins and stillbirths) and the 88% biospecimen availability
rate, raises the possibility of selection bias, with an unknown
direction and magnitude of influence. Only DAP metabolites,
not specific OP insecticides, were measured, and results were
reported only for two birth outcomes. Several anomalous results
were reported, including the detection of some associations
only among white mothers and others only among black moth-
ers; the detection of significant inverse associations between
materpal prenatal urinary DAP and DMP levels and birth
weight only in the absence of adjustment for gestational age, but
the detection of these associations among black mothers only
with adjustment for gestational age; and the stronger observed
associations among PON/ . and PONI . heterozygotes than
among low-activity homozygotes. Overall, the results suggest
possible inverse associations between maternal prenatal urinary
DAP and DMP (but not DEP) concentrations and length of
gestational age and birth weight, perhaps restricted to specific
racial groups or those with intermediate (but not Jow or high)
PONT activity. As in other studies with internally inconsistent
associations, these findings may be explained at least in part
by chance or bias, especially given the sumerous hypotheses
tested, and do not offer convincing support for an adverse effect
of OP insecticides on birth cutcomes.

Zhejiang hivih cohort

In rural Zhejiang Province, 116 consecutive healthy women
with a healthy, uncomplicated, singleton pregnancy at
36 weeks of gestation, eight OP insecticides (and other
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pesticides) were measured in umbilical cord serum at delivery,
including chlorpyrifos, diazinon, fonofos, malathion, parathion,
methyl parathion, profenofos, andterbufos(Table 1} (Wickerham
et al. 2012). The proportion of serum samples with detectable
fevels (LOD = 0.05 ng/mb except for malathion and profencfos,
where LOD = 0.50 ng/mL) were 23.3% for chlorpyrifos (90th
percentile = 0.17 ng/mL), 14.7% for diazinon (90th percen-
tle =0.27 nv/mL) 16. 4“7 for fonofo% (C)Olh pcrcemile = (.30

2.6% Ebr pai athmn (90111 pa,rccn tile << 0.05 n‘g/mL), 25.07_,
for profenofos (90th percentile =0.68 ng/mL), and 31.0%
for terbufos (90th percentile = (.27 ng/mL). After multivari-
ate adjustment, po significant associations with birth weight
were detected for any of these pesticides, whether analyzed as
detectable versus non-detectable, three-level ordinal variables,
or the total number detected (Table 2).

In general, some of the strengths and himitations of the
Zhejiang birth cohort study are similar to those of other birth
cohort studies. Additional strengths include the nearly 100%
participation rate among eligible subjects (although the basis
for calculating this rate is not clear) and the measurement of
specific OP insecticides rather than non-specific DAP metabo-
fites, countered by limitations, including the cross-sectional
measurement of pesticide levels in umbilical cord serum col-
lected at delivery, the analysis of pesticide exposure as simpli-
fied categorical variables, and the evaluation of only a single
birth outcome (weight). In summary, the results of this smdy
suggest no association between concurrent exposure to any of
eight different OP insecticides and birth outcomes.

Bradford Hill evaluarion of weight of evidence

Strength. The strength of observed associations between OP
metabolites and birth outcomes cannot be compared easily
across studies, given differences in the unit of exposure mea-
surement, the logarithmic base used for transformation (if any),
and the format in which results were presented (e.g., as regres-
sion betas or adjusted means). The distinction between a weak
and a strong association, especially with a continnous outcome
such as birth weight or length of gestation, is also subjective
and hard to define. Nevertheless, moqt reported associations
involved birth weight differences of <100 g, birth length and
head circumference differences of < O 5 cm, and gestational
iength differences of <5 days (<<0.7 weeks), in association
with exposures classified on various scales (e.g., detectable,
natural log, or log, ). In general, weak associations are more
likely than strong associations to be explained by confounding,
bias, or chance. Furtharmore, the majority of reported results
were not stafistically significantly different from the null value.

Consisiency. An examination of the consistency of associa-
tions with specific birth outcomes reveals mostly null findings,
with no uniformity of positive or inverse associations acioss
(as well as within) studies. In particular, associations with
birth weight were inconsistently reported as inverse (Perera
et al. 2003, Rauch et al. 2012, Whyatt ct al. 2005, Whyatt
et al. 2004), positive (Eskenazi et al. 2004, Harley et al. 2011),
or in most cases, null (Barr et al. 2010, Berkowitz et al. 2004,
Eskenazi et al. 2004, Harley et al. 2011, Perera ot al. 2003,
Wang et al. 2012, Whyatt et al. 2005, Whyatt et al. 2004, Wolff
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et al. 2007) (Wickerham et al. 2012). Associations with birth
length were also heterogeneous, including inverse (Perera
et al. 2003, Whyait et al. 2005, Whyatt et al. 2004}, positive
(Eskenazi et al. 2004), and mostly null findings (Barr et al.
2010, Berkowitz et al. 2004, HEskenazi et al. 2004, Perera et al.
2003, Wang et al, 2012, Whyatt et al. 2005, Whyatt et al. 2004,
Wolff et al. 2007). Likewise, head circumference was variously
mversely associated (Berkowitz et al. 2004, Wolff et al. 2007),
positively associated (Eskenazi et al. 2004, Harley et al. 2011),
and most often not sigpificantly associated (Barr et al. 2010,
Berkowitz et al. 2004, Eskenazi et al. 2004, Harley et al. 2011,

Perera et al. 2003, Whyatt et al. 2005, Whyatt et al. 2004, Wolff

et al. 2007) with OP metabolite fevels. The reported associa-
tions of individual OP metabolites with ponderal index were
statistically null in both studies of this outcome (Eskenazi
et al. 2004, Wolff et al. 2007).

Although inverse associations between a few selected OP
metabolites and length of gestation were reported in multiple
studies (Eskenazi et al. 2004, Harley et al. 2011, Rauch et al.
2012, Wang ct al. 2012), these associations were inconsistent
across participant subgroups by race, sex, and genotype, with
no cogent biological explanation for the observed heterogene-
ity. For example, a significant inverse association with maternal
prenatal urinary DAPs was detected among white mothers but
not black mothers in the HOME Study (Rauch et al. 2012), and
an inverse association with maternal prenatal urinary DEPs
was detected among infant girls but not boys in the Shanghai
birth cohort study (Wang et al. 2012). Moreover, most OP
metabolites measured in these and other studies (Berkowitz
et al. 2004, Wolff et al. 2007) were not significantly associated
with length of gestation. Thus, the most consistent findings
were statistically null, and the lack of consistency of signifi-
cant associations between OP metabolites and specific birth
ocutcomes does not sapport a causal interpretation of the few
statistically significant associations observed.

Temporality. As discussed above, an assessment of the tempo-
ral relationship of measured OP and DAP metabolite levels in
prenatal or perinatal maternal biospecimens in relation to fetal
growth and other birth outcomes is limited, for several rea-
sons. First, exposures measured soon before birth are nnlikely
to have a major influence on fetal growth over the course of
40 weeks of gestation. Second, because these metabolites have
a short biclogical half-life and vary considerably within indi-
viduals, one or two samples are unlikely to reflect past or long-
term average exposure for a given person. Third, itis unknown
whether the time points selected for blood, wrine, or personal
air collection in various siudies are etiologically relevant or
whether exposures eatlier or later in gestation have a greater
influence on fetal growth or Jength of gestation. Consequently,
the measurement of metabolite levels prior to hirth does not
necessarily strengthen the evidence in favor of a causal inter-
pretation of observed associations, especially if measurements
were taken only hours or minutes before birth, but even if they
were made months in advance.

Biological gradient. Few studies explicitly evaluated the shape
of the biological gradient between OP metabolites and birth
outcomes; instead, using linear regression models, nearly all
nvestigators assumed a log-linear exposure—outconte rela-
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tionship, without testing the appropriateness of this model.
Only two studies cxamined exposure-response gradients
by categorizing exposures into at least three ordinal groups
{Eskenazi et al. 2004, Whyatt et al. 2004). (This observa-
tion also highlights the problem of inconsistency of analytic
approaches among studies.) In the CCCEH study, where cord
plasma concentrations of chlorpyrifos (and chiorpyrifos plus
diazinon, but not diazinon alone) were inversely associated
with birth weight and birth length, the strength of the inverse
associations increased across tertiles of detectable levels com-
pared with non-detectable levels, a pattern consistent with a
monotonic exposure—response gradient (Whyatt et al. 2004).
In the CHAMACOS study, maternal prenatal urinary levels of
MDA, TCPy, and PNP, which were categorized as undetect-
able, detectable below the median, or detectable at or above
the median, did not show evidence of a monotonic association
with fength of gestation, birth weight, birth length, or pon-
deral index (Eskenazi et al. 2004). The middle category of
PNP appeared to be inversely associated with length of gesta-
tion and ponderal index and positively associated with body
length; however, the results for the highest category were not
sigpificantly different from the null value. Some evidence of a
positive exposure-response trend was observed between PNP
and head circumference. Although significant linear regression
coefficients may be consistent with a monotonic biological
gradient, the dearth of information on the shape of exposure—
response relationships between OF metabolites and birth out-
comes prevents a thorough evaluation of such gradients.

The commonly applied mechanism for OP toxicity is AChE
inhibition. As discussed earlier, the levels in the epidemiologic
studies are orders of magnitude below what would result in
clinically meaningful AChE inhibition. There are a few other
postulated mechanisms for non-cholinergic OP toxicity, but
effects at the levels observed in the epidemiologic studies have
not been established for these mechanisms either.

Plausibility. The biological plausibility of the associations
is not established. While OP insecticides are known to cause
neurotoxicity in mature subjects at doses higher than reported
in the epidemiologic studies, the mechanism of OP-induced
neurodevelopmental toxicity has yet to be established.

Coherence, In the evaluation of the coherence of evidence,
another important consideration is whether observed interac-
tions with PON1 activity levels or genotypes are consistent
with the hypothesis of increased susceptibility to potential
adverse health effects of OP insecticides in those with lower
PON1 activity. In the three studies that evaluated these inter-
actions—the Mount Sinai CECS (Berkowitz et al. 2004, Wollf
et al. 2007y, CHAMACOS (Harley et al. 2011), and the HOME
Study (Rauch et al. 2012)—results were variable. One study
reported the expected stronger inverse associations, albeit only
between selected metabolites and birth ontcomes, in those with
homozygous low-activity PON1 genotypes or low measured
PON1 activity (Wolff et al. 2007). Another study found mostly
no apparent heterogeneity by PONT genotype, level, or activ-
ity, but some evidence of stronger positive associations, again
between only selected metabolites and bhirth outcomes, in
those with heterozygous or homozygous high-activity PON1
genotypes or higher PON1 levels, and an inverse association
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between DEPs and gestational age among those homozygous
for the low-activity PON1_; genotype (Harley et al. 2011).
In another study, stronger inverse associations between DAPs
and birth outcomes were observed among PONI1 heterozy-
gotes than among low- or high-activity homozygotes (Rauch
et al. 2012). Finally, one study found no evident heterogeneity
in associations by PON1 activity (Berkowitz et al. 2004). As a
whole, these mixed results are not coherent with a protective
effect of high PON1 detoxifying activity against adverse effects
of OP insecticides on fetal growth and other birth outcomes.

Specificity, experiment, and analogy. The other Bradford Hill
guidelines—specificity, experiment, and analogy—are less
informative for the evaluation of causality. Especially in light
of the non-specificity of DAP metabolites, the many influences
on birth ocutcomes, and the numerous associations tested, no
specific relationship has emerged between any particalar OP
insecticide and any particular birth ovtcome. Relevant quasi-
experimental evidence in humans, such as a study of birth
outcomes in women who adhere to an organic diet, is unavail-
able. Drawing analogies with other prenatal exposures that
cause adverse birth outcomes (e.g.. ethanol, methylmercury,
certain prescription medications, and dietary factors) is not
warranted, just like existence of numerous exposures shown to
be safe cannot be used to refute a causal association between
OP insecticides and adverse birth outcomes. On balance, such
analogies do not sway the evaluation of causality.

Neurodevelopmental outcomes

Twenty studies in ten study populations have examined associ-
ations between OP or OP metabolites and neurodevelopmental
outcomes (Bouchard et al. 2010, Bouchard et al. 2011, Engel
et al. 2007, Engel et al. 2011, Eskenazi et al. 2010, Eskenazi
et al. 2007, Fortenberry et al. 2014, Guodong et al. 2012,
Horton et al. 2012, Lizardi ¢t al. 2008, Lovasi et al. 2011,
Marks et al. 2010, Oulhote and Bouchard 2013, Quiros-Alcala
et al. 2011, Rauh et al. 2011, Rauh et al. 2006, Rauh et al,
2012, Yolton et al. 2013, Young et al. 2005, Zhang ct al. 2014).
Most studies were conducted in birth cohorts enrolled prior
to delivery—including four cohorts described earlier in the
section on birth outcomes-——whereas other studies were cross-
sectional in design. Measures of newrodevelopment varied
among studies, with several using standard clinical scales or
questionnaires, and others using measurement tools that were
not used by any other studies reviewed, although all stdies
reported some degree of validation of the assessment tools
used. Table 3 summarizes the analyses in the studies evaluat-
ing neurodevelopmental ouicomes.

Columbia Cerer for Children’s Environment and Health

In the CCCEH birth cohort study, which was described earlier
with respect to birth outcomes, childhood neurodevelopmen-
tal outcomes were measured using the Bayley Scales of Infant
Development, 2nd Edition, including the Mental Development
Index and the Psychomotor Development Index, to assess
cognitive and psychomotor development at ages 12, 24, and
36 months; the mother-reported Child Behavior Checklist
for ages 1.5-5 years, including syndrome scale scores, inter-
nalizing and externalizing scores, and scales oriented to the
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Diagnostic and Statistical Manual of Mental Disorders, 4th
Edition (DSM-IV), to assess recent behavioral problems at age
36 months; the Child Behavior Checklist for ages 618 years to
assess recent behavioral problems at age 7 years; the Wechsler
Intetligence Scale for Children, 4th Edition, including the Ver-
bal Comprehension Index, the Perceptual Reasoning Index,
the Working Memory Index, and the Processing Speed Index,
which were combined to determine the Full-Scale Intelligence
Quotient (1), at age 7 years; and magnetic resonance imaging
for brain morphology at ages 5.9-11.2 years (Table 1) (Horton
et al. 2012, Lovasi et al. 2011, Raub et al. 2011, Rauh et al.
2006, Rauh et al. 2012).

After multivariate adjustment, significant or borderline
significant inverse associations were observed between the
highest detectable tertile (>6.17 pg/g) versus lower levels
of cord plasma chlorpyrifos and the Bayley Mental Devel-
opment Index (beta= —3.327, SE= .76, P=0.06) and the
Psychomotor Development Index (beta = — 6.46, SE = 2.18,
P =0.003) at age 36 months {Table 2} (Rauh et al. 2006).
The inverse association with the Mental Development Index
at 36 months was observed only among African American

(beta = — 1.70), whereas the inverse association with the Psy-
chomotor Development Index at 36 months was observed in

actions were detected with other covariates tested. When the
Bayley indices were dichotomized at 85 points (one SD below
the mean} to indicate developmental delay, cord plasma chio-
rpyrifos levels in the highest detectable tertile were associated
with a significantly increased odds of mental delay (odds ratio
[OR]=2.37, 95% Cl=1.08, 5.19) and psychomotor delay
(OR =4.52, 95% Cl= 1.6}, 12.70) at 36 months. However,
cord plasma chlorpyrifos was not significantly associated with
the Mental Development Index at 12 or 24 months (beta at
12 months = — 0.344, SE = 1.66; beta at 24 months = — [ 480,
SE =2.03) or with the Psychomotor Development Index at

at 24 months = 1.17, SE = 1.98), nor were significant associa-
tions detected with mental or psychomotor delay at those ages.
At 36 months, significant associations were detected between
elevated chlorpyrifos levels and Child Behavior Checklist
measures of attention problems (OR = 11.26, 95% CI = 1.79,
70.99), attention deficithyperactivity disorder (ADHD;
OR =6.50, 95% Cl=1.09, 38.69), and pervasive devel-

or internalizing behavior problems (onadjusted P = 0.444).
A subseguent analysis of neighborhood characteristics based
on U.S. census data for poverty, education, race, language, and
housing showed no substantial confounding (< 10% change in
beta) or modification (P =(.20) of the associations between
cord plasma chlorpyrifos and the Bayley Mental Develop-
ment and Psychomotor Indices at 36 months (Table 2) (Lovasi
et al. 2011).

Based on results of the Wechsler Intelligence Scale test-
ing at age 7 years, with outcomes analyzed on the natural
log scale, no significant adjusted associations were detected
between cord plasma chlorpyrifos levels and Wechsler Fuil-
Scale 1Q, Verbal Comprehension, Perceptual Reasoning, or
Processing Speed, nor were any significant interactions with
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Low-level OP insectide exposures
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Low-level OP insectide exposures

cctide expostres

evel OF ins

BOI Low-

{ paraiuo 3

ED_002061_00046431-00061

UN

(N sinsar)
SIUFOQRIOW AFRrn AreATjop-isod
[PUISIPTE G)IA BOTIVIDOSSE ON
671
- 3seoIou ytun Jod onRl Sppo
SO0 = pudil~(
9,¢¢ = uorpodoid
%41 = voprodord
2,971 == torHodoL
9, = uotodoig
24,97 == vorpodox
{¥N sinsan)
sepjoqeiety Areuumn Lroarfop-isod
TRUISIRIL [IIM TOTIRIOOSSE ON]
(86T
7' = asearour wun 1ad onwi SppO
£y’ = PUadl-]
9,77 = uoniodoig
%47 = uorpodox
9,01 = uorpodoid
¢ = goprodorg
9,8 = UOTHCdOL]
(N synson)
sayfoqeiatt Axeurin A1atap-isod
[BUINBIT I TOT)EIO0SSE
(I'91°¢'D
- oswaIoul Jiun 1ad OneI SppO
16°0 = pusiid

%¢¢ = voprodorg
9%v1 = voruadoi
9,91 = uonodoig
%41 = vorpodox
9,8 = uoriodoid
(VN SHrisar)
sajfoqeieta Areurin £19Arap-isod
[RUTANTW A GOTIBIO0SS? ON]
{($9°0 '60°0) L£°0 = sAep ¢ < 5e "upg
(zeo
91°0-) 80°0 = skep ¢ = 937 “vieg
(070 00 TTO = meg

"Ajuo osn Jeuosiad 10,]

Qg jo Tl
LEJOS
€309
Jjog

jog

L

cry

o

9¢ 3o

N OO

o

W3NG

Ly §O
LE}O

oY

9L Jo Tl
LE30¢
LEJO9

Leiog

¢ <388 PR
¢ =a3e

CET8e1
RS T-8T'1
LTT-1T°1
ari-06'¢g
06'0-18°0
(o108
%301 yrowy)
sdHq Areenn ($00T)
ereuaxd [rurolRpy N ‘e 10 Sanog

Sre—el?
61561
§6'1-0L]

U301 o)

sdd Armuun (002)
Tereuard [2UISIRpg N ‘T2 10 Sunox
LUE-T1ET
GET-80T
LOTE81
€8 I—C9'T
§9I-LOY
(o108 SYIUOWE 7 >
0t 301 yy1omu) 03 8£8p ¢ <18
sdv(] Areunin SIXO[jol ferirouqge (¢007)
reavaud RiIoey € < uoyPzRIg ‘17 12 Bunog
(o208
%301 yrowy)
sdad Arevnn (5007}
[ereuord [rEIOTEN N ‘7o 0 Sanox

¢1/07/40 UO UUBRTIO] TiEY Aq WO 2IEDT)[ESLULIOJUT UIOI] POPEOTUMO(] ASOJOIIXO ], U SMOTASY] [ESHII)



E
-
3
o
g
=
R

592

{payodar jou)

s3urpuy Jepuns paonpoad saxoos Aajheg
pue s Jo sosdreus eurpnyduoy
Kepop Teyuatudotanap ofqissod

SVBIIPUL O] > $31005 20 T GG JO IS

T+ ueowt v 01 938 AQ pozZIpiepuTls oL
juomdoroaa] ey Jo safeos Aopdey

PIyo 18 (sypow) o3n (IS I UBORA

31008

JSO], AIPINQBI0A 2INIOL] APogead
frwsoyen pue ‘Ared ‘ploysony
K1iea0d 9a0q® SLUOOUL PlOYasTIoY
“JEAHILNSUL JUSIHOIAU 243 JO
JUSUIINSBAYY 10] UOTIBAISSG() LUOH
I2IPPOL-TURIU] UO 3100S ‘UOLZInp
uipac}-1Seoig ‘XS ‘JUOLUSSISSE I8
28® 108K “UOLIBOO] ‘URIOUIOMOYOAS]

(zge o)

P = BI9Q [UBIPAU = [qrIne1a(]
(TeT 18

60" 1— = P12Q ‘Umipaws > J[GrInaR(]

10913]91 — P13Q 9[PI09RPUN

SYWOU $7 1V

0F'C = BIag [URIPS = 3[qRI0aR(]
E+ €66 1)
mm.t E)L zda)g 3 )?ﬁj 3919
uco.ﬁwmm = B18q .ELNHOOEGED
Mmﬂuﬂoﬂu TIwWw
091017
COO— = SGL ”cﬁ@mﬁ‘h = GES\UQHUQ
(1876807
R6°0 == I3 [URIPIW > 3[GRISN_(J
_\Cuwm.,wuu = Euﬁ_ uoﬁﬂﬁouwuwcb
ME\EO‘.G .@ 1Y
z }ZO'T = BRG PIYD
mﬁ ) $8°0~ == ¥19q [eIPUal]
$°CIT0) 68T = BIRG PIYD
ai M .mL P1}— = 219q [epREald
(ST178L°07) ¥2°0 = 2wq PIYD
(cor ﬁ ‘96 T 910 == B18q [BIeTald
(8L°€ *¥2°0) 10T =109 PIUD
(16°0— ‘9¢°9-) #9°¢— = #39q [RIRURL]
0 = BRG PIYD
(660G TT¢) = 2)0q [¥1RU0k]
(£9°0 "8 1) [£°0~ = BRq PIYD
290G :i,.NI, CH'(— = v13q [riRUald

(PT+ 050 hm = Beq PIYD
(60— "65°9-) +$ ¢~ = w0q [EIRualg
(8L°7°60°0-) 9T = #1909 PIYD
(260 76876 $ 1~ = 71aq [RIeudig
{06'0 €T 1) L10~ = 21q PIYD
(65706877 §1'T— = 21q [e1eUld

IFGRIOIP %6E
SIIUOW $7 12 §9C
SIIUOWI 77 1% £§C

o)

SYJUOLU

N
-

o3
Wy
2
[Sa)

SYIMOW $7 18 §9¢

STIUOWI 71 ¥

SIIUOWI § 1% G/

SYIMOW $7 18 §9¢
SUIMOW! T 18 £6€

SYIWOW § 12 $6E

(/3 vaw
AIPULIN [EUISIRN

(o108

5130 “y/joumn)

mmmﬁ Axeouan
PIIYO 10 T2UIS)2E »

{opzos
Uidap p/1otum)
sdN( Areuun
PILYD 10 [RUISIRpN .

{opzos

Uidap p/1otum)

SAV( Areaun
PRYD 10 [RULINIRIA

SYIUOW $7
10 °7T ‘9 18 Xopu]
jootdopas(]

Ry Asjheyg

B 3 rZenonsy

(£007)

'TE 12 TZeuaisy

(£007)

{8 30 [ZRUaysH

(£007)

BRCRvAZIEN et

SYLHUIEIO)

SIOI0E] AUAS Dﬁﬁ v

(1D %$6) TONBISOSSE JO HJRTUIISTT

syanaysioaiqns
JO JIQUUON

amsodyg STHOH)

JOUALIJOY

"Ajuo osn Jeuosiad 10,]

{panunus))) € 21QRL

¢1/07/40 UO UUBRTIO] TiEY Aq WO 2IEDT)[ESLULIOJUT UIOI] POPEOTUMO(] ASOJOIIXO ], U SMOTASY] [ESHII)

ED_002061_00046431-00062



593

Low-level OP insectide exposures

cctide expostres

evel OF ins

BOI Low-

{pormuyuo3)

(L9120 1) 0E°0 = 210 PIYD
(Z6'1 #9976 980~ = 219 [2IEUal]
{LTF 97 0~) 16'] = 12q PEYD
{€9°€ "0 €) 00 = BI0q [eyetal]
(60°C " 68'0~) 09°0 = ¥1dg PIYD
?@m €9°7-) TOrQ = waq [Eyeualg
(097 850 T0°T = 210 PITYD
(710476 $T71- = ¥10q [eieual]
(€170 17) 970 =210 PIYD
(PL71 €0 S 11— = 219 [RIEUald
@E EgL 82'0 == 2339 YD
{(LL71788°T) 66°0— = ©30Q [EIRUal]

ﬁ PLT 2907 9071 = ®19q PRYD
OF'1 1077 8T 17 = ¥1aq el
«:”. m = BIaq ﬂﬁﬂu
(8Tt - v10q feieudid

(Lot ‘ﬁ T, 6£°0 =129 PIYD
(98T "8T€—) 1£°0— = PI9q [RIREaL]
(LeT90°9)
= BJ3g Gg@uﬂc = uﬁﬂﬁu geilg]
(1€ pes)
o l—= EQL ES@QE > oEwr}de
JEOFAOH = EQL Qﬁn wguugﬁﬂd
.mﬂﬁgg YW
(867 ‘88°¢
E\ﬁ“_ CEU S == iﬂmuogua
(9077 " 19¢)
Ch (O = BIa [URIPaUI > 2[quidod(]
RIQIOJAI = ©IAQ 2[QuINRPUN
SYRIOU 71 1V
(rv'T 67T
R0°0 = vKrq : cm;dE = o[geIsala]
(197217
$2°0 = PIQ [URIPIAW > [ArIOAR
WWBIIIAI = »IQ B[QRIOIDPUN
SIUOTU 9 )Y

"Ajuo osn Jeuosiad 10,]

SYIBOWE 7 12 [ L€
SYIUOTH 7T 12 76¢€

SIS § 18 95¢
SIILOTI 7 1%

[L¢

SYIBOT 7T 12 Z6E

SHIMOTH § 12 965¢

STIUOW +7 12 /€

SIILOWI 77 1% Z6C

SO § 12 96¢

2IgRIP %16

(o208
%301 10w
s Areurm (1007
DI 10 [REIOTR ‘7 13 [ZRueySy

{oos
U301 rypom)
sdNQ Areupn {£00T)
P 10 [RUIOIRIA R “IE 10 TZBUOYST

‘ {aqv0s SIUOW +7
01301 y/poun) 10 71 ‘9 1% Xopuy
SVl Aruun wowdoprog] (,007)

PIYo Jo [ruiotepy  dojonnoyoksd Aojkey ‘[B 10 tZRUaYsH

(13 £400 (£007)
%mw:ﬁ.ﬁ ﬁmﬂmuwmw& " ‘e MNmﬂonm

¢1/07/40 U0 UUBRTO] TIEY Aq WO 2IEDT)ESLULIOJUT UIOI] POPEOUMO(] ASOJOIIXO ], U SMOTAY] [ESHII)

ED_002061_00046431-00063



=
-
W
o
kY
R
S
<t
=3
o)

(%07 °L=N)

uorssardop [PUIsPW PUE ‘21008

1S3, ATPINQEO0A IMIOL] Apoqead
reuIsyetu “Ayaed ‘proysary) Ayoacd
SAOGE QWIGOUT PIOYASHGY ‘JHUNIISUL
JUAUILOIIALTY 81} JO JUSIAINSEIN] 10}
UONBAIISQ() SUHOH [8|ppof-eju)

(F9°T 'SL°0) TH'1 = OTIRE SPPO PRYD

SYIUOL $7,
12 B100S SUECIPUAS
suRiqoid wonuone

(o108
U301 o)

o1nuaomd Y126 < A0S JEONLLD,, U0 21008 ‘HOTRIN JUIPAAJ-1S2aIq (Card sV ATerm ISTIHUD {1000
u‘mﬁzuawm ﬂ,mmm < BIO0S :ucmﬁuﬁuomz “JUITUSSASST 2 unnwm hlelzd ) Jmom., n\.,N.Ow LLO= OENH mﬂﬂo mﬁmﬁuw& @Cﬁ.ﬁ@mOﬂ Ao%xv ¢ Mi..ﬁo X0 Eﬂwuumw& .ﬁoﬁryaﬂumm ﬁmmU ‘e MNdﬂonm
(Tr1°L89-)
T = RIRG URIPAW = AQEI0918(J
(11059
CQ 7~ == E}3q URIPOW > 3[QRIONI(]
u:m.ﬁ&mm = Swﬂ ummﬂﬁomuuﬁﬁb
nwﬁﬂcﬂm ¥OIWW
(967 °0T°9)
Nc.ﬁi = SGL ”cmw@mﬁh = GENHUQMUQ
(08¢ ‘07
0L °0— = 219Q uvipaus >
W3R = P1aQ B[QRIdaapUN
ISYWOW 7T 1V
(LT'€ 69
120 = Ewm_ Emmﬂwﬂu = wﬁﬂm natielgl
{16750+
cm.CI = Swﬂ :5.605 3 wﬁﬂﬁﬁuﬁﬁ—
JUOINIOI = BI3q [I[qEIN0IpUn (13 £3D1 (2007)
" Mmﬂuﬂoﬂw @ v oﬁﬂmuouuuﬁ @mq& %.EC.C 1l ﬁmmmuumw& " ‘e ﬁchuuﬁmm
(CE'e 89T
££°0 = Blag [URIpa = 3[QRIOM_(]
{1y L8e)
= Swﬂ :5.605 3 wﬁﬂﬁﬁuﬁﬁ—
ucu.ﬁu.wnm = B18q UELNHUOHOMUED
Mmﬂuﬂoﬂu oW
(T¢y 187
L0 = SGL ”cmw@mﬁh = GE@ 3932
{00°¢ o)
> 2[qrIod
_\Cuwuwuu = Euﬁ_ uoﬁﬂfouuuwcb
SO 71 3y
(CC1 1T )
St [— = BI9Q UPIPAUL & 2[qmios1ad]
(81T°¢ ‘¥57)
T0 = vIBQ [UBIPAU > J[(rIneIa(]
WOIAJ0I == BIAQ 1D]GRIOAOPUry 18 vaw (i007)
- » SYIOOW g 1§ QFQEIOMBP AT ATCULIN [RIISIRIA " 10 38 TZeUaYSH
SIUSTULLO ) szoroey Jennsn{py (1D 9% 6) UOLIBIOOSS® JO SIRIUHIST syanaysioaiqns simsodyg SLUOVHY BOURIOY

JO I0qUIRN

"Ajuo osn Jeuosiad 10,]

¢1/07/40 UO UUBRTIO] TiEY Aq WO 2IEDT)[ESLULIOJUT UIOI] POPEOTUMO(] ASOJOIIXO ], U SMOTASY] [ESHII)

{ ponunuoe)) “¢ 91qeL

ED_002061_00046431-00064



595
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Low-level OP insectide exposures
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Low-level OP insectide exposures
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Low-level OP insectide exposures
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chlorpyrifos detected (Table 2) (Rauh et al. 2011). However, a
significant inverse association was detected with the Wechsler
Working Menory Scale (parsimonious model beta = — 0.006,

further adjustment). This association was not substantially
confounded (change in beta << 10%) by childhood home envi-
ronment at age 3 years, based on composite indices (total
Home Observation for Measurement of the Environment or
HOME score, Environmental Stimulation Scale, and Paren-
tal Nurturance Scale) derived from observational interview
data (Table 2) (Horton et al. 2012). Additionally, no appar-
ent interaction was observed between chlorpyrifos and the
Parental Nurturance Scale. However, the association between
chlorpyrifos and Wechsler Working Memory varied by child
sex, with a significant inverse association detected only among

(beta = —0.524, 95% Cl = — 1.90, 0.85).

Forty children aged 5.9-11.2 years in the CCCEH cohort
with low prenatal exposure to environmental tobacco smoke
(based on maternal self-report and cotinine levels <715 ng/mlL.
in cord plasma) and polycyclic aromatic hydrocarbons (based
on maternal third-trimester personal air monitoring levels
below the median of 2.26 ng/m?), including 20 children in the
highest tertile of cord plasma chlorpyrifos (=4.39 pg/g) and
20 below the highest tertile, participated in a study of brain
morphology using T1-weighted high-resolution magnetic res-
onance imaging {Table 2) (Rauh et al. 2012). Significant dif-
ferences between chlorpyrifos exposure groups that involved
primarily white matter included bilateral enlargement of the
superior temporal, posterior middle temporal, and inferior
postcentral gyri; right-hemisphere enlargement of the supra-
marginal gyrus, inferior parictal lobule, and saperior frontal
gyrus, gyrus rectus, cuneus, and precuneus along the mesial
wall; and inward deformations in the dorsal and mesial surfaces
of the left superior frontal gyrus. No significant difference was
found in overall brain size by chlorpyrifos level. Wechsler
Full-Scale 1Q at age 7 years was positively correlated with
surface measurces in the bilateral superior temporal, inferior
frontal, inferior precentral, and inferior postcentral gyri and
the left precuncus, and inversely correlated with surface mea-
sures in the right fusiform gyrus, among children with fower
cord plasma chlorpyrifos levels, but not those in the higher-
exposure group. Normal sex differences in the right inferior
parictal lobule, superior marginal gyrus, and mesial saperior
frontal gyrus were reversed among children with higher chlo-
rpyrifos levels. “Scatiered reductions” in cortical thickness in
dorsal and parietal and frontal cortices were also associated
with higher chlorpyrifos levels.

The major strengths and limitations of the CCCEH cohort
study were discussed above in the context of analyses of birth
outcomes, and apply also to the analyses of neurodevelop-
mental outcomes, except that selection bias due to differen-
tial participation rates of mothers by childhood neurological
outcomes at age 7 years is improbable, though not impos-
sible. For example, risk factors such as a personal or family
history of ncurological problems might influence the deci-
sion to participate. However, selection bias due to differential
dropout rates is a greater concern in studies with relatively
long follow-up. Bias in analyses of parent-reported outcomes,
such as those based on the Child Behavior Checklist, is also

Low-level OP insectide exposures 625

a concern, because the completeness and accuracy of report-
ing may have varied by lifestyle factors related to maternal
prenatal chlorpyrifos exposure. Additional limitations are the
dichotomization of cord plasma chlorpyrifos levels in several
analyses, which precluded exposure-response analyses, and
the focus on a single OP insecticide.

Taken together, the results of newodevelopmental studies
in the CCCEH cohort snggest associations between prenatal
chiorpyrifos exposure and selected adverse neurodevelopmen-
tal outcomes, with some as-yet-unexplained heterogeneity by
subgroups and numerous statistically null associations. For
instance, an inverse association between cord plasma chiorpy-
rifos levels and lower scores on the Bayley Mental Develop-
ment Index was detected at 36 months among African Ameri-
can children, but not among Dominican children and not in
either group at 12 or 24 months. In the absence of g priori
hypotheses, it is unclear why prenatal chlorpyrifos exposure
might be associated with attention problems and pervasive
developmental disorder but not externalizing or internalizing
behavior problems as assessed by the Child Behavior Check-
list, or with working memory among boys but not overall I(},
verbal comprehension, perceptual reasoning, or processing
speed as assessed by the Wechsler Intelligence Scale for Chil-
dren. Given the large number of outcomes tested, at least some
of the observed associations are almost certainly due to chance.
Again, neither this study nor any other study of neurodevelop-
mental cutcomes described in this review adjusted for multiple
comparisons. The observed associations with brain morphology
are noteworthy, but multiple comparisons are again a concern,
especially given the exclusive reporting of anatomic regions
where associations with chlorpyrifos exposure were observed,
but not those without any such associations. Overall, the results
suggesting an adverse neurodevelopmental effect of prenatal
chlorpyrifos exposure cannot reliably be interpreted as causal
due to methodological limitations and internal inconsistency,
and require independent confirmation in other study settings.

Mount Singi Children’s Environmental Cohort Study

The Mount Sinai CECS, described earlier, administered the
Brazelton Neonatal Behavioral Assessment Scale to evaluate
28 behavioral items and 18 primitive reflexes, grouped into
seven clusters, in 311 neonates prior to hospital discharge at
or before 5 days (Engel et al. 2007). Subsequently, the Bayley
Scales of Infant Development, 2nd Edition, were adminis-

the Wechsler Preschool and Primary Scale of Intelligence,
3rd Edition, or the Wechsler Intelligence Scale for Children,
4th Edition, was administered at ages 6-9 years {n = 169)
(Table 1) (Engel et al. 2011). The Brazelton scale evaluates
28 behavioral items and 18 primitive reflexes, which can be
scored into seven clusters: habituation, orientation, motor,
range of state, regulation of state, autonomic stability, and
number and type of abnormal reflexes (including plantar,
Babinski, ankle clonus, rooting, sucking, glabella, passive
resistance of legs, passive resistance of arms, palmar, placing,
standing, walking, crawling, incurvation, tonic deviation of
head and eyes, nystagmus, tonic neck reflex, and Moro reflex).
The Wechsler Preschool and Primary Scale of Intelligence is
used to derive composite Verbal Comprehension, Perceptual

BIGHTE
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Reasoning, Processing Speed, and Full-Scale 10} scores; the
Wechsler Intelligence Scale for Children was described above
for the CCCEH study.

In adjusted models, maternal prenatal urinary levels of
DAPs, DMPs, and DEPs (classified as lincar on the log 1o Scale
or into quartiles) and detectable MDA were not significantly
associated with the Brazelton habituation, orientation, motor,
range of state, regulation of state, or autonomic stability
clusters (Table 2) (Engel et al. 2007). However, a log, -unit
increase in DEP levels was associated with a significantly
higher number of abnormal reflexes (relative risk [RR] = 149,

ginally associated with abnormal reflexes (RR = 1.32, 95%
CI=0.99, 1.77), whereas DMP levels were not significantly
associated (RR = 1.13,95% Cl = (.90, 1.41}. Detectable MDA
levels in maternal prenatal urine were also associated with a
significantly higher number of abnormal reflexes (RR = 2.24,
95% CI = 1.55,3.24). When levels of DAPs, DMPs, and DEPs
were categorized into quartiles, some positive associations
with number of abnormal reflexes were still detected, but not
in a monotonic exposure—response pattern. When the number

yses were stratified by infant age, associations with maternal
prenatal urinary DAPs, DMPs, and DEPs were stronger for

MDA was stronger for those aged 1 day. Statistically significant
interactions between maternal prenatal plasma PON1 expres-
sion levels and urinary DAP and DMP metabolite levels were
detected with risk of =2 abnormal refiexes as the outcome.
Specifically, the RR per-unit increase in prenatal DAPs was
2.38 (95% Cl=1.37, 4.15) for those in the lowest tertile of
PON1 expression level versus 0.76 (95% Cl=0.48, 1.20) for
those in the highest tertile, and the RR for prenatal DMPs was
1.96 (95% CI=1.27, 3.03) for those in the lowest tertile of
PON1 expression level versus 0.73 (0.56, 0.96) for those in the
highest tertile. Associations with prenatal DEPs did not vary
significantly by PON1 expression.

In analyses using the Bayley Scales at 12 and 24 months,
maternal prenatal urinary DAP and DMP metabolite levels (but
not DEP levels) were associated with significantly lower scores
on the Mental Development Index at 12 months among blacks
and Hispanics (beta per log, -unit increase in DAPs = —3.29,

2011). When analyses of the Bayley Mental Development
Index at 12 months were stratified by maternal PON/,,
genotype, interactions were observed among blacks and His-
panics, with significantly lower scores among those carrying
the PONT,,, QR or RR genotype (i.c.. heterozygotes and low-
activity homozygotes) than QQ homozygotes (e.g., beta per
log. -anitincreasein DAPs = —4.94,95% Cl = — 7.87, — 2.07

o
for 1;’01’\/11.92 QR/RR carriers; beta =572, 95% Cl= — (.48,
11.92 for PONI,, QQ carriers). However, no significant
interactions were found with the PONT, .., or PONI ;0. -
polymorphism, or with PON1 enzymatic activity for any neu-
rodevelopmental outcome assessed. No significant associations
were detected between maternal prenatal urinary DAP, DMP,
or DEP levels and the Bayley Mental Development Index at

Crit Rev Toxicol, 2015; 45(7): 531-641

24 months (including after stratification by race/ethnicity or
PONI 4, genotype) or the Bayley Psychomotor Development
Index at 12 or 24 months (including after stratification by
race/ethnicity). Moreover, DAP, DMP, and DEP levels were
not significantly associated with any Wechsler Intelligence
Scale measures, including Full-Scale 13, Perceptual Reason-
ing, Verbal Comprehension, Processing Speed, and Work-
ing Memory (assessed at ages 7-9 years only) at 6, 7-9, or
6-9 years. Only after stratification by FONI ,, genotype were
significant inverse associations detected between maternal
prenatal urinary DAP and DMP levels and the Wechsler Per-
ceptual Reasoning Index (e.g., beta per log, -unit increase in
DAPs = —0.56, 95% Cl = —4.80, 3.68 for PONI ,, QR/RR
carriers;beta = —7.52,95% Cl = — 14.53, — 0.51 for PONI
QQ carriers). No significant interactions with PON/ ., geno-
type were observed for the Wechsler measures of Full-Scale
1Q or Verbal Comprehension.

Key strengths and limitations of the Mount Sinai CECS
were delineated earlier and apply equally to the analyses of
neurological outcomes. Selection bias due to unequal enroll-
ment rates may not have a major influence on associations
with long-term childhood neurological outcomes, unless
participation varied by strong neurological risk factors, but
selection bias due to unequal follow-up is a reasonable con-
cern. For example, 311 (77%) of 404 ecligible infants com-
pleted the Brazelton Neonatal Behavioral Assessment Scale
before hospital discharge, excluding those admitted to the
Neonatal Intensive Care Unit (NICU), those delivered and
discharged over a weekend, those whose parent refused, those
who were not testable, and those for whom study personnel
were unavailable; thus, selection bias could have occurred if
exclusions were associated with both DAP metabolite levels
and neonatal behavioral outcomes. Multiple comparisons
potentially leading to chance findings are a particular con-
cern in these analyses, given the large number of outcomes
and subgroups examined, along with the apparent lack of ¢
priori hypotheses regarding why some but not other neuro-
logical outcomes might be associated with OP metabolites,
or why associations might be observed in some but not other
subgroups by age and racefethnicity. Consequently, although
the associations of maternal prenatal urinary levels of DAP
and DEP metabolites and detectable MDA with abnormal
neonatal reflexes were noteworthy, the absence of a mono-
tonic exposure-response pattern, along with the absence of
association with motor performance, autonomic stability, and
other neurological cuicomes, detracts from the coherence of
these findings. Likewise, the persuasiveness of the inverse
associations of maternal prenatal urinary levels of DAP and
DMP metabolites with mental development at 12 months in
blacks and Hispanics, especially in PONI,,, QR/RR car-
riers, is undermined by the positive associations in whites,
the absence of any association at 24 months, and the lack of
any interaction with other PON! genotypes or PONT activity
levels. The stronger inverse association of prenatal DAP and
DMP levels with perceptual reasoning in 6- to 9-year-olds in
PONI 4, QQ carriers also runs counter o expectation. Con-
sequently, the few observed significant associations among
a large number of statistically null associations, without a
discernable pattern, cannot reliably be interpreted as capsal,
and require confirmation in independent studies.
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Center for the Healith Assessmerns of Mothers and
Children of Salinas

The basic methods of the CHAMACOS birth cohort study
were described earlier; follow-up for neurodevelopmental
outcomes continued through age 7 years (Table 1) (Bouchard
et al. 2011, Eskenari et al. 2010, Eskenazi ¢t al. 2007, Marks
et al. 2010, Quiros-Alcala et al. 2011, Young et al. 2005).
Geometric mean wrinary DAP metabolite levels measured
in childien increased with age: 45.5 nmol/L. (95% Cl=39.6,
52.3) at 6 months, 59.5 =nmol/L (51.7, 68.5) at 12 months,
70.9 nmol/L. (614, 81.9) at 24 months, 77.5 omol/L. (654,
91.9) at 3.5 years, and 92.6 nmol/L. (78.6, 109.0) at 5 years
(Eskenazi et al. 2007, Marks et al. 2010). Neurodevelop-
mental outcomes were measured using the Brazelton Neo-
natal Behavioral Assessment Scale administered by 62 days
(2 months); the Bayley Scales of Infant Development, 2nd
Edition, administered at 6, 12, and 24 months; an autonomic
nervous system reactivity protocol that measured heart rate,
respiratory simus arrhythimia, and pre-ejection period follow-
ing social, physical, and emotional challenges (and cognitive
challenges for older children) administered at 6 months and
1, 3.5, and 5 years; the mother-completed Child Behavior
Checklist for ages 1.5-5 years administered at 2, 3.5, and 5
years; the NEPSY® visual attention subtest, 2n0d Edition,
administered at 3.5 years; the Conners’ Kiddie Continuous
Performance Test, which assesses reaction Hme, accuracy,
and impulse control for ADHD screening using an interactive
computer program; the Hillside Behavior Rating Scale, which
assesses motor activity and distractibility for ADHD screen-
ing, administered at 5 vears; and the Wechsler Intelligence
Scale for Children, 4th Edition, administered at 7 years.
Among infants assessed at or before age 2 months, no
significant association was observed between maternal pre-
natal average vrinary levels of DAPs, DMPs, or DEPs and
the Brazelton habituation, orientation, motor performance,
range of state, or regulation of state cluster, either overall or
among neonates assessed at age = 3 days or > 3 days (Table 2)
(Young et al. 2005). Maternal presatal urinary DEP metabolite
fevels, but not DAPs or DMPs, were significantly associated
with a higher score on the autonomic stability cluster, which

By contrast, maternal prenatal urinary DAP, DMP, and DEP
metabolite levels were all significantly associated with a higher
number of abnormal reflexes, especially at age > 3 days (beta

95% Cl1=0.12, 0.69; beta for DEPs=0.37, 95% CI1=0.09,
0.64), but not at age =3 days (beta for DAPs = — (.01, 95%

0.20; beta for DEPs=0.08, 95% CI=—0.16, 0.32). When
the number of abnormal reflexes was dichotomized at>>3

fevels were categorized mte guintiles, and the analysis was
restricted to neonates aged > 3 days at assessment, statistically
significant positive exposure—response trends were observed
for each metabolite type. The OR for >3 abnormal reflexes
per log -unit increase in metabolite concentration was 4.9
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with any neonatal neurodevelopmental outcome were detected
with maternal post-delivery urinary metabolite levels.

A significant inverse association was detected between
maternal prenatal urinary DAP and DMP levels and the Bay-
ley Mental Development Index at 24 months (beta per log,-
unit increase in DAPs= —354, 95% Cl= —6.59, —049;
beta for DMPs = — 3.64, 95% Cl = — 6.36, — 0.91) (Table 2)
{Eskenazi et al. 2007). By contrast, child urinary DAP and
DMP levels at 24 months were positively associated with
the Mental Development Index (beta for DAPs =2.37, 953%
CI=0.50, 4.24; beta for DMPs = 2.01, 95% CI = (.24, 3.78).
Child urinary DEP levels at 12 months were also positively
associated with the Mental Development Index at that age
(beta = 1.89, 95% CI=0.21, 3.58). Othcrwise, associations
of maternal prenatal and child wrinary DAP, DMP, and DEP
metabolites, as well as maternal prenatal MDA and TCPy
fevels, with the Mental Development Index at 6, 12, and
24 months were statistically non-significant, and all associa-
tions with the Psychomotor Development Index at those ages
were non-significant. Maternal prenatal and 24-month child
urinary levels of DAPs, DMPs, DEPs, MDA, and TCPy were
not significantly associated with a clinically borderline score
(> 93rd percentile) for attention problems or ADHD as assessed
by the Child Behavior Checklist at 24 months. However,
maternal prenatal urinary levels of DAPs and DMPs were at
feast marginally significantly associated with a higher odds of
clinical pervasive developmental disorder (> 97th percentile)
as assessed by the Child Behavior Checklist at 24 months (OR
for DAPs =2.25, 95% CI=0.99, 5.16; OR for DMPs=2.19,
95% Cl1=1.05, 4.58; OR for DEPs = 0.88, (.37, 2.07), as were
all three types of metabolites in children (OR for DAPs = 1,71,
95% Cl=1.02, 2.87; OR for DMPs = 1.52, 95% Cl=0.94,
2.45; OR for DEPs = 1.72, 1.12, 2.64). Maternal prenatal uri-
nary MDA and TCPy levels were not significantly associated
with pervasive developmental disorder at 24 months.

When associations between maternal prenatal urinary DAP,
DMP, and DEP levels and the Bayley Mental and Psychomo-
tor Development Indices and Child Behavior Checklist perva-
sive developmental disorder score were stratified by child or
maternal PONI! genotype, or by umbilical cord or maternal
blood PONI activity or quantity, no statistically significant
interactions were delecied, and stronger associations were not
consistently detected among those with lower-activity geno-
types (i.e., PONI ,, RR and PON/ . TT) or lower enzyme
fevels (Table 2) (Eskenazi et al. 2010).

Atage 3.5 years, maternal prenatal vrinary DAP, DMP, and
DEP levels were not significantly associated with attention
problems or ADHD as assessed by the Child Behavior Check-
list, whether the ontcomes were analyzed as continnous or cat-
egorical variables dichotomized at clinically borderline scores
(>>93rd percentiley (Table 2) (Marks et al. 201(). However,
several OR point estimates were around 3.0, with wide 95%
Cls due o the small number of borderline scores at that age.
Prenatal urinary DAP, DMP, and DEP metabolite levels were
also unassociated with the NEPSY-II visual attention score
at age 3.5 years. Associations with Child Behavior Checklist
measures of attention problems and ADHD at age 5 years
were attenuated and statistically non-significant in analyses
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of dichotomized scores at age 5 years, but significant positive
associations were detected with scores analyzed as continu-
ous outcomes (beta per 10-fold increase in DAPs =0.7, 95%

2.1 for ADHD). Whereas no significant associations were
detected between maternal prenatal wrinary DAP, DMP, or
DEP metabolite levels and markedly atypical scores for omis-
sions, comunissions, or hit reaction time on the Conners’ Kid-
die Contimuous Performance Test or the ADHD Confidence
Index analyzed as the continuous variable at 5 years, the odds
of having an ADHD Confidence Index above the 70th per-

15.7), a Hillside Behavior Rating Scale attention problems
score =7 out of 12 (OR for DAPs =30, 95% C1=0.9, 9.8),

increased in association with higher prenatal metabolite con-
centrations. Some heterogeneity was detected by sex, with
boys generally showing stronger associations than girls. Asso-
ciations with child urinary OP metabolite levels were weaker
and not statistically significant.

At age 7 years, significant inverse associations were
found between maternal prenatal urinary levels of DAPs,
DMPs, and DEPs and Wechsler Intelligence Scale measures
of Working Memory (e.g., beta per log, ,-unit increase in
DAPs averaged from the first and sccond halves of preg-
~ 4.3, 95% Cl= 7.7, —0.9), Processing Speed

Verbal Comprehension (beta for averaged DAPs= —35.3,
95% Cl= — 8.6, — 2.0), Perceptual Reasoning (beta for aver-
aged DAPs = —4.0, 95% Cl= — 7.9, —0.1), and Full-Scale
1Q (beta for averaged DAPs = —5.6, 95% C1—9.0, —2.2)
{Table 2) (Bouchard et al. 2011). When maternal averaged
prenatal urinary DAP levels were categorized by quintile,
inverse exposure-response trends were observed for all five
outcomes, with an average difference of 7.0 Full-Scale 1Q
points between the highest and lowest quintiles of prenatal
DAPs. Estimates of association did not differ substantially
among maternal early prenatal, late prenatal, and postna-
tal urinary DAP concentrations, nor were marked changes
observed after additional adjustment for other environmen-
tal contaminants, standardization by creatinine, stratifica-
tion by sex, or restriction to Spanish-speaking children.
However, child urinary DAP levels at 6, 12, 24, 42, or
60 months, or af all ages taking the area under the concentration—
time curve, were not significantly associated with any of the
Wechsler Intelligence Scale measures at age 7 years.
Associations of maternal prenatal and child urinary DAPs,
DMPs, and DEPs with both resting and reactivity measures
of respiratory sinus arrhythmia, heart rate, and pre-cjection
period were tested at ages 6 months, 1 year, 3.5 years, and
5 years (Table 2) (Quiros-Alcala et al. 2011). In addition,
cumulative measurcs of prenatal (14-weck and 26-weck)
and childhood (6 months to 5 years, based on area under the
concentration—time curve calculations) urinary DAP, DMP,
and DEP metabolite levels were analyzed with respect o
resting and reactivity measures at age 5 years. Among the
numerous associations tested, significant associations were
found only between child DAPs and DMPs and resting respi-

ratory sinus arrhythmia score at 6 months (beta per log, -unit

Crit Rev Toxicol, 2015; 45(7): 531-641

increase in DAPs= —0.27, 95% Cl= —0.48, —0.06; beta
for DMPs=—0.24, 95% ClI=-042, —0.05; beta for);
between maternal prenatal DMPs and child DEPs and resting
pre-cjection period at 1 year (beta for prenatal DMPs = 3.77
milliseconds, 95% CE=0.21, 7.33; beta for child DEPs =4.33

milliscconds, 95% CI=0.03, 2.40); between maternal prena-
tal DAPs and DMPs and reactive respiratory sinus arthythmia

DMPs = (.25, 95% CI=10.05, 0.45); and between cumulative
maternal prenatal DEPs and resting heart rate (beta = — 3.19
beats per minute, 95% CI= —6.29, —(0.09). Otherwise, all
tested associations were statistically non-significant, and esti-
mated coefficients showed no consistent direction of associa-
tion. When basic measures of autonomic nervous system func-
tion at 6 months, 1 year, 3.5 years, and 5 years were combined
into four profiles (coactivation of both sympathetic and para-
sympathetic nervous systems: coinhibition of both nervous
systems; reciprocal activation of parasympathetic and inhibi-
tion of sympathetic nervous systems; or reciprocal activation
of sympathetic and inhibition of parasympathetic nervous
systems), no significant differences in gecometric mean urinary
DAP concentrations were found based on maternal prenatal
or child specimens, nor were these profiles associated with
consistently high versus low urinary DAP metabolite levels in
gestation, childhood, or both.

As with other prospective birth cohort studies described
carlier in the section on birth outcomes, the main strengths
and limitations of the CHAMACOS smdy were discussed
above, with perhaps a lower probability of selection bias with
respect to enrollment rates but a higher probability in terms
of follow-up rates, and greater concerns about multiple com-
parisons due to the larger number of neurodevelopmental
risk factors assessed. Overall, the neurodevelopmental results
from CHAMACOS varied by outcome, metabolite type, age
group, and timing of exposure assessment. The associations
of maternal prenatal urinary DAPs, DMPs, and DEPs with a
higher number of abnormal reflexes at age > 3 days were fairly
consistent across metabolites and outcome classifications, but
they should be balanced against the null associations with
abnormal reflexes at =3 days and with other neonatal behav-
ioral outcomes (except autonomic stability at <{3 days, which
was positively associated with maternal prenatal urinary DEP
levels). Another noteworthy finding is the positive association
of maternal prenatal DAP and DMP levels and child DAP,
DMP, and DEP jevels (but not MDA or TCPy levels) with the
risk of pervasive developmental disorder score above the clini-
cal cutoff at 24 months. These results are notable and warrant
further evaluation, although the reliance on mother-reported
symptoms to classify this outcome leaves open the possibility
of misclassification, whether non-differential or differential
by exposure status. The inverse associations of prenatal DAP
and DMP levels with the Bayley Mental Development Index at
24 months are less compelling, given the opposite associations
with child metabolite levels and the statistically mull associa-
tions with prenatal DEP, MDA, and TCPy levels as exposures,
and with the Mental Development Index at 6 and 12 months as
outcomes. The results for autonomic nervous system function
were consistently null.
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Two sets of striking associations with adverse neurode-
velopmental outcomes were reported in CHAMACOS. The
first were the positive associations between prenatal DAP and
DMP levels and continuous Child Behavior Checklist scores
for attention problems and ADHD and dichotomized indica-
tors for ADHD Confidence Index, Hillside Behavioral Rating
Scale attention problems, and a composite ADHD indicator
at 5 years. Significant associations were not detected with
dichotomized Child Behavior Checklist scores for attention
problems and ADHD, dichotomized atypical scores on the
Conners’ Kiddie Continnous Performance Test, and continu-
ous ADHD Confidence Index, although point estimates were
generally in the positive direction. However, associations were
attenuated and mostly non-significant for child urinary DAP,
DMP, and DEP levels. The somewhat inconsistent findings
raise the question of whether some measures are more valid
than others for capturing ADHD risk, and the heterogeneity
of associations between boys and girls—with some inverse
and mostly nearly null point estimates among girls—is not
readily explained by known biological mechanisms. The other
salient results in CHAMACOS were the inverse associations
of maternal prenatal (but not child) urinary DAP, DMP, and
DEP levels with all five Wechsler Intelligence Scales at age
7 years. The consistency of these findings is unlikely to be
due to chance. The methodological limitations of this study,
especially with regard to OP insecticide exposure assessment,
prevent a causal interpretation of these findings, but the robust
associations with impaired behavioral and cognitive develop-
ment in school-aged children in CHAMACOS warrant atten-
tion and replication in independent studies.

Health Outcomes and Measures of the Environment Study

The HOME Swtdy, described earlier, included 350 mothers

gestation, and whose infants completed the NICU Network
Newrobehavioral Scale at home at approximately 5 weeks of
age (Table 1) (Yolton et aj. 2013). The scale covers 13 dimen-
sions: habituation {excluded from analysis because it was
omitted for sleeping infants), attention, arousal, self-regula-
tion, need for special handling from the examiner, quality of
movement, excitability, lethargy, non-optimal reflexes, asym-
metrical reflexes, hypertonicity, hypotonicity, and stress/absti-
nence. In multivariate regression models, significant associa-
tions were detected between creatinine-standardized maternal
prenatal urinary DEP levels averaged over 16 and 26 weeks
and increased attention (beta per log,-unit increase = (L.066,

mia (beta = — §.101, 5E = 0.043, with hypotonia dichotomized
as none vs. any); and between DAP levels at 16 weeks and

(Table 2). No other significant associations were detected
between maternal prenatal urinary DAPs, DMPs, or DEPs at
16 weeks, 26 wecks, or the average of the two, and any of the
other cight dimensions assessed. In secondary analyses, latent
profile analysis was used to group infants together based on
NICU Network Neurobehavioral Scale scores into one of three
patterns: social/easy-going (n = 157), hypotonic (n=110), or
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of being classified as hypotonic, compared with social/casy-
going, was detected among infants whose mothers had higher
creatinine-standardized urinary DEP levels at 16 weeks (OR

no significant associations were observed between maternal
prenatal urinary DAPs, DMPs, or DEPs at any time point
and the odds of being classified as hypotonic or high-arousal/
difficult, although several borderline significant associations
were found in both directions, with no apparent consistency
by exposure or outcome.

The main strengths and hlimitations of the HOME Study
were discussed earlier and previous comments also apply to
this analysis. The use of only three profiles to classify nen-
robehavior in secondary analyses may be an oversimplifica-
tion of a complex neurobehavioral scale {(Lester et al. 2004).
Although several results were generally in the same direction,
with higher maternal prenatal urinary DAP or DEP levels
being associated with better neurobehavioral cutcomes (.c.,
increased attention, decreased lethargy, decreased hypotonia,
and decreased autonomic stress), these significant associations
were selected among many others that were tested and found to
be null. Thus, these findings cannot reliably be mnterpreted as
demonstrating a bencficial causal effect of prenatal OP insecti-
cide exposure on behavioral neurodevelopment in infants.

Children Pesticide Survey

From the Children Pesticide Survey, a cross-sectional study
of children living in an agricultural community in southern
Arizona in 1998-2000, a subgroup of 25 school-aged chil-
dren was selected for analysis based on detectable DAP levels
(=25 pg/mL; metabolite not specified) in an initial vrine sam-
ple, and 23 other children were selected who had undetectable
jevels (Table 1) (Lizardi et al. 2008}. Subsequently, urinary
DAPs were re-measured in a first-void arine sample, and a
cognitive assessment was conducted on the same day using
a short form of the Wechsler Intelligence Scale for Children
Third Edition, the Children’s Memory Scale, the Wisconsin
Card Sorting Test, and the Trail Making Test A and B. In addi-
tion, the Child Behavior Checklist 418 and the Teacher Report
Form were used to assess behavioral outcomes. Based on the
urine samples collected on the day of the cognitive assess-
ment, all 48 children had detectable levels of DMP, although
average levels remained significantly higher in the originally
designated “exposed” group (mean = 110 pg/L, 95% CI = 83,
139) than in the originally designated “unexposed” group
(mean =49 po/l, 95% Cl = 36, 63) after excluding one outlier
from each group (519 ug/L in the “exposed” group and 850
g/L. in the “anexposed” group).

Although children in the “exposed” group took significantly
longer time {(mean = 283 seconds, 95% Cl =224, 341) to com-
plete the Trail Making Test B than children in the “onexposed”
group {mecan = 204 seconds, 95% Cl= 172, 236), none of the
other cognitive or behavioral measures differed significantly
between the groups in unadjusted analyses, excluding the two
outhiers (Table 2). Concurrent urinary DAP levels (analyzed as
the sum of all six metabolites) were modestly and statistically
significantly correlated with some measures of the Wiscon-
sin Card Sorting Test (p = 0.31-0.38, P =0.03), but not after
exciusion of the two outliers. Moreover, no significant correla-
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tions were detected with the other cognitive measures, includ-
ing the Wechsler Intelligence Scale, the Children’s Memory
Scale, and both Trail Making Tests. Correlations between
concurrent urinary DAP levels and behavioral measures were
not estimated.

A key limitation of this study is its cross-sectional design:
because exposures and outcomes were measured on the same
day, a cause-and-effect relationship cannot be established.
Reverse causality due to an influence of childhood behavior
on diet, as the major source of OP exposure, is plausible.
Even without such an cffect, it scems unlikely that DAP
metabolites are etiologically relevant to cognitive perfor-
mance measured on the same day. Other limitations include
the lack of adjustment for any confounders, the small stady
size (resulting in vnstable estimates and, possibly, insuffi-
cient statistical power to detect any associations), the large
number of outcomes tested (resulting in the expectation of
several chance findings), and the use of a single sample of
urinary DAP levels. In particalar, the fact that the originally
designated “unexposed” group had detectable urinary DAP
levels at the second assessment underscores the intra-individ-
ual variability of these metabolites. Participation rates were
not reported, precluding an assessment of potential selection
bias. These predominantly null results add little insight into
possible adverse neurodevelopmental effects of exposure to
OP insecticides.

National Health and Nutrition Examination Survey

The NHANES is a contimuous series of population-based health
surveys designed to assess the health and putritional status
of approximately 5000 representative, non-institutionalized
adults and children in the United States each year (Table 1)
(Bouchard ct al. 2010). In 2000-2004, NHANES data on six
urinary DAP metabolites and ADHD were available for 1,139
children (119 with ADHD) aged 8-15 years, where ADHD
diagnostic status during the previous year was assessed based
on symptoms reported by the mother or another carctaker in
a telephone interview using the Diagnostic Interview Sched-
ule for Children IV (using slightly modified criteria from
the DSM-IV), or based on reported use of ADHD medica-
tion. Geometric mean urinary levels, which were measured
2-3 weeks before the interview, were 68.3 nmol/L (IQR =
24.4-186.0) for DAPs, 41.3 amol/L. JOR = 10.1-130.7) for

A 10-fold increase in urinary DAP or DMP metabolite fev-
els was associated with a significantly increased prevalence
of ADHD as defined based on diagnostic interview criteria or

1.67 for DAPs; OR=1.72, 95% Cl=1.31, 2.28 for DMPs),
or based on diagnostic interview criteria alone (Table 2).
A positive exposure—response gradient was observed across
undetectable, below-median, and above-median vrinary lev-
els of DMPs. Urinary DEP metabolite levels were not sig-
nificantly associated with prevalent ADHD (OR = 0.80, 95%
CI=0.60, 1.05). However, urinary DAPs, DMPs, and DEPs
were all significantly associated with a higher prevalence of
the hyperactive/impulsive subtype of ADHD (n=21 chil-
dren; OR per 10-fold increase = 1.85, 95% Cl = 1.04, 3.27 for
DAPs; OR =2.13,95% CI = 1.08, 4.20 for DMPs; OR == 2.15,

Crit Rev Toxicol, 2015; 45(7): 531-641

2.19} and no metabolites were significantly associated with
the combined hyperactive/impulsive and inattentive subtype

for DMPs).

This study is strengthened by s population-based sample
selection and by the availability of detailed interview and
physical examination data to adjust for potential confounders
(albeit not diet [Millichap and Yee 20121).

Major methodological limitations are the cross-sectional
design and the measurement of urinary DAPs at a single
paint in time. Outcomes were classified based on parent- or
caretaker-reported symptoms, which could have been differen-
tially misclassified if, for example, accuracy of reporting var-
ied by dietary patterns or other lifestyle characteristics related
to OP insecticide exposure. As mentioned by the authors, the
observed associations might be due (o reverse causality—i.e.,
ADHD-related behaviors, such as dietary changes (Millichap
and Yee 2012)—that could result in higher exposure to OP
insecticides and their metabolites. Participation rates among
ADHD and non-ADHD children were unknown, given that
ADHD diagnosis was predicated on participation; therefore,
the potential for selection bias could not be assessed. The
authors did not snggest a mechanism to explain the stronger
associations of DAP metabolites with the hyperactive/impul-
sive subtype of ADHD than others. Overall, the results of this
study indicate a positive association between DAP metabolite
levels and the prevalence of ADHD, but causal inference about
the effects of OP insecticide exposure is limited by the cross-
sectional study design.

Shanghai cross-sectional study

In a cross-sectional study of 301 healthy 2-year-olds
recruited in 2008 from two community hospitals in Shang-
hai, urinary levels of five DAP metabolites were measured in
spot urine samples on the same day on which a neurclogical
assessment of motor behavior, adaptive behavior, language
behavior, and personal and social behavior was completed
using the Gesell Developmental Schedules for 0- to 3-year-
old children (Table 1) {Guodong et al. 2012). Geometric
mean urinary levels were 2.52 pg/L (IQR = <02.0 [L.OD]-
3.41) for DMP, 1.56 ug/L (IQR = < 1.0-1.63) for DMTP,
1.78 pg/L (IQR = <1.0-2.89) for DEP, and 3.18 ug/L
(IQR = <(1.0-7.26) for DETP; DEDTP was detected in only
2.7% of subjects. No significant associations were chserved
between a log -unit increase in creatinine-adjusted urinary
DAPs, DMPs, or DEPs and any of the four Gesell Devel-
opmental Schedule scores, and estimated coefficients were
not consistently above or below zero across metabolites or
cutcome measures (Table 2).

The high participation rate in this study (97%) mini-
mizes selection bias, but the cross-sectional design and
reliance on a single biospecimen remain the major limita-
tions. Information on confounders was somewhat limited,
although several covariates were included in multivariate
models, and the direction and magnitude of any uncon-
trolled confounding are unpredictable. Again, the lack of
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prospectively collected serial OP metabolites prevents this
study from fully assessing the associations between expo-
sure to OP insecticides and neurodevelopmental behavioral
ocutcomes in young children.

Canadian health measures sitrvey

In the first cycle (2007-2009) of the cross-sectional Cana-
dian Health Measures Survey, the Canadian counterpart to
NHANES, 1081 children aged 6-11 years were enrolled,
inclading 1030 (95%) with spot urine measurements of six
DAP metabolites measured within two weeks of parental
completion of the Strengths and Difficulties Questionnaire to
assess mental and behavioral cutcomes (Table 1) (Oulhote and
Bouchard 2013). The five-dimension scales of this question-
naire evaluate cmotional symptoms, conduct problems, hyper-
activity/inattention, peer problems, and prosocial behavior
(not analyzed due to insufficient variability). each scored on
a 10-point scale; a global total difficulties scale is computed
based on the sum of all scales except prosocial behavior.
Scores were dichotomized between high and low/borderline
using cutoffs recommended by the author of the instrument.
Of the eligible children, 779 (72%) had complete covariate
data and were included in the analysis. The median urinary
level of DAPs was 99.2 nmol/L (IQR = 34.3-273.3), that of

25.0 (IQR = 10.5-51.3).

When analyzed on the log,, scale and adjusted for multiple
covariates, with or without creatinine standardization, urinary
DAPs, DMPs, and DEPs were all statistically unassociated
with clevated scores for total difficulties (OR for DAPs = (.6,

OR for DEPs = 0.3, 95% CI=0.1, 1.8), conduct problems,
emotional symptoms, hyperactivity/inattention, and peer
problems (Table 2). No significant heterogeneity was observed
by child sex.

The methodological strengths and limitations of this study
are essentially the same as those of the NHANES study
described above (Bouchard et al. 2010). Advantages include
the population-based setting and extensive information on
potential confounders (but not diet), whereas major drawbacks
inchade the cross-sectional design and the one-time spot urine
measurement of DAP metabolites. Parent-reported outcome
measures were subject to misclassification that might have
been differential. Selection bias could have influenced the
results in unpredictable ways if participation in the Canadian
Health Measures Survey or provision of complete covariate
data were related to both the exposure and the outcome. In
light of these himitations and the statistically null findings,
this study offers no evidence to support a causal effect of OP
insecticide exposure on hehavioral problems in children.

Early life Exposed in Mexico to Environmental Toxicants Study

The Early Life Exposed in Mexico to Environmental Toxi-
cants (ELEMENT) study sequentially enrolled 827 healthy
pregnant women from a general hospital and affiliated clinics
in Mexico City (Table 1) (Fortenberry et al. 2014). Of the
original cohort participants, 187 (23%) mother-child pairs
had third-trimester urine specimens and completed child psy-
chometric assessments to screen for ADHD-related symptoms
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at ages 611 years in 2007-2011; these assessments included
the Conners’ Parental Rating Scales-Revised, the Behavior
Assessment System for Children—Parental Rating Scales, and
Conners” Continuous Performance Test. The Conners’ Paren-
tal Rating Scales-Revised, a parent-completed assessment
tool for children and adolescents aged 3-17 years, included
scales for an ADHD index, global restlessness/impulsivity,
hyperactivity/impulsivity ADHD, inattention ADHD, and
combined-type ADHD, mostly based on guidelines from the
DSM-IV. The Behavioral Assessment System for Children—
Parental Rating Scales, a parent-completed assessment tool
for children aged 6-11 years, were used t0 assess atfention
probiems and hyperactivity. The geometric mean concen-
tration of TCPy in maternal prenatal urine was 1.76 ng/mL

prenatal urine specimens n all three trimesters, the geometric
mean concentration did not vary significantly across trimes-
ters, but significant within-subject variability was detected

gravity and 0.29 with correction).

No significant association, including after stratification
by sex, was found between maternal prenatal urinary TCPy
fevel and any of the outcome measures studied, including
all ADHD and restlessness/impulsivity scales based on the
Conners’ Parental Rating Scales-Revised; the two scales for
attention problems and hyperactivity based on the Behavior
Assessment System for Children—Parental Rating Scales; and
the clinical index for ADHD and the hit reaction time block
change measure (used to assess vigilance or sustained atten-
tion) based on the Conners’ Continuous Performance Test
(Table 2). The authors highlighted “suggestive trends” (with
P values > (.05 but << (.10) between maternal prenatal urinary
TCPy and increasing hit reaction time block change and the
Conners” Parental ADHD index among boys, but no appar-
ent trends were detected (P = (.18-0.99) for any other ADHD
screening measures.

The ELEMENT study benefits from prospective collection
of prenatal vrine specimens, its measurement of a specific
metabolite of chlorpyrifos, and its adjustment for numerous
potential confounders (exchuding diet). The scope of the study
is confined by the measurement of only one OP insecticide
metabolite. Gther limitations, which are shared by other
studies discussed in this review, include the lack of serial
biomonitoring, potential selection bias, possibic outcome mis-
classification due fo the use of parent-reported data, a modest
number of subjects, and muitiple comparisons, with no a pri-
ori hypothesis regarding why TCPy should be associated with
some measures of ADHD-related symptoms but not others.
Thus, chance must be considered as a reasonable explanation
for the two marginally significant trends detected among at
least 27 tested. In general, the results of this study suggest no
consistent or convincing associations between prenatal TCPy
fevels and ADHD-related symptoms.

Shenvang birth cohort
In another prospective birth cohort study, 249 healthy pregnant
women were enrolled from a hospital in Shenyang, China,
between 2011 and 2012 and followed through delivery of a
healthy neonate (Table 1) (Zhang et al. 2014). The Neonatal

HioMTS

ED_002061_00046431-00101




Critical Reviews in Toxicology Downloaded from informahealthcare.com by Kathi Lohmann on 07/20/15

For personal use only.

632 R. Reiss et al.

Behavioral Neurological Assessment, developed for Chinese
pewborns, was administered at 3 days of age to measure
functional abilities, reflexes and responses, and behavioral sta-
tus based on five scales: behavior, passive tone, active tone,
primary reflexes, and general assessment. Concentrations of
five DAP metabolites were measured in prenatal maternal urine
{(timing of collection not specified), with the following geomet-
ric means: [8.03 ug/L (JOR =7.83--39.43) for DMP, 8.53 pg/L

pg/L (LOD; IQR =LOD-LOD) for DEDTP.

In adjusted linear regression models, log, -unit increases
in maternal prenatal urinary levels of DAPs, DMPs, and
DEPs were all significantly associated with lower summary
scores on the Neonatal Behavioral Newrological Assess-
ment (beta for DAPs = —1.78, 95% Cl= —2.12, —1.45;
beta for DMPs = — (.96, 95% Cl= — 1.35, —0.57; beta for
DEPs = —0.88, 95% CI = — 1.30, — 0.47) (Table 2). Signifi-
cant inverse associations were also observed between maternal
prenatal DAPs and DEPs and behavior, between DAPs and
DMPs and passive ione, between DAPs and DMPs and active
tone, and between DAPs and DMPs and primary reflexes.
These associations were detected in both boys and girls, and
with and without creatinine standardization. Analyses with
maternal prenatal urinary DAP concentrations categorived
nfo guintiles were consistent with linear inverse exposure-
response associations with all five outcomes examined. When
regression coefficients were standardized, the associations
between maternal prepatal urinary DAP levels and all out-
comes were stronger than those with gestational age, cord
blood lead levels, and maternal prenatal BMIL

Like other birth cohort studies, the Shenyang study is
strengthened by the measurement of urinary DAP metabolite
levels prior to the measurement of neurological outcomes,
which rules out reverse causality. However, urine specimens
appear to have been collected from various subjects at dif-
ferent times throughout pregnancy, and it may or may not be
plausible that exposures at different stages of neurodevelop-
ment would have the same effect on behavioral outcomes. The
participation rate (81%) among cligible women was relatively
high, thereby reducing concerns about selection bias, and
information was collected on numerous potential confound-
ers, thereby lessening the probability of strong confounding.
However, due to the reliance on a single biospecimen and the
measurement of non-specific DAP metabolites, the observed
inverse associations between prenatal DAP metabolite levels
and neonatal behavioral outcomes cannot reliably be inter-
preted as cavsal. In addition, the applicability of the outcome
assessment instrument outside of China, where it was devel-
oped and tested, is unknown.

Bradford Hill evaluation of weight of evidence

Some measures of neurodevelopmental outcomes, including
the Brazelton Neonatal Behavioral Assessment Scale, the
Bayley Scales of Infant Development, the Wechsler Intelhi-
gence Scales, the Conners” Parent Rating Scales, and the Child
Behavior Checklist, were used in more than one study, but sev-
eral were not. Although all relevant studies of OP metabolites
and neurodevelopmental outcomes were described in the pre-

Crit Rev Toxicol, 2015; 45(7): 531-641

ceding section, outcomes that were uniquely evaluated in only
one study (e.g., brain morphojogy (Rauh et al. 2012) and spe-
cific autonomic nervous system functions (Quiros-Alcala et al.
2011)) are not incladed in the weight-of-evidence cvaluation
because of the absence of independent results for comparison.

Strength. As in the case of associations with birth outcomes,
the strength of observed associations between OP metabolites
and neurodevelopmental outcomes cannot he compared read-
ily across studies, due to variations in the unit of exposure
measurement, the inconsistent use of Jogarithmic transforma-
tion or creatinine standardization of metabolite levels, out-
come measurement and classification methods, and the format
of reported results. “Strong” versus “weak” associations also
are not objectively defined, especially for continnous expo-
sures and outcomes. Even so, most observed associations
entail relatively modest changes in outcomes—for example,
ORs and RRs between (.5 and 2.0, and increases or decre-
ments of a few points on a scale standardized to a mean of
100 and SD of 15. Confounding and bias cannot confidently
be ruled out as explanations for associations of such a magni-
tude. Several ORs around or above 5.0 were reported in the
CHAMACOS stady (Eskenazi et al. 2010, Marks ct al. 2010,
Rauh et al. 2006, Young et al. 2005), but most of these were
statistically unstable, with lower 95% confidence Limits near or
below 1.0. Although thesc associations with farge ORs merit a
closer look, most of these and other reported associations are
statistically non-significant, making them consistent with no
association between OP metabolites and nearodevelopmental
ouicomes.

Consistency. To evaluate the consistency of findings across
study settings, we assume that neurodevelopmental outcomes
evaluated using different assessment tools are reasonably com-
parable. In four studies conducted in four different settings,
neonatal behavior was evaluated using the Brazelton Neonatal
Behavioral Assessment Scale, the NICU Network Neurobe-
havioral Scale, and the Neonatal Behavioral Newrological
Assessment (Engel et al. 2007, Yolton et al. 2013, Young et al.
2005, Zhang et al. 2014). Three of these four studics found an
association between prenatal OP metabolite levels and poorer
reflexes at or shortly after birth (Engel et al. 2007, Young et al.
2005, Zhang et al. 2014). Three studies also showed no asso-
ciation with any other adverse neonatal behavioral outcomes
{(Engel et al. 2007, Yolton et al. 2013, Young et al. 2005).
The statistically null results for poorer reflexes in the HOME
Study (Yolton et al. 2013), in which newborns were older at
the time of assessment than those in the other three studies,
may suggest that the association is no longer detectable by
age 5 weeks. Alternatively, the heterogeneity might be due
to chance, confounding or bias, or true differences in study
populations or assessment tools,

Among infants and toddlers evaluated in four different study
settings, behavioral outcomes were measured using the Bayley
Scales of Infant Development and the Gesell Developmental
Schedules (Engel et al. 2011, Eskenazi et al. 2010, Hskenazi
et al. 2007, Guodong et al. 2012, Lovasi et al. 2011, Rauh
et al. 2006). Although all three studies that measured pre- or
perinatal OP metabolites and used the Bayley Scales of Infant
Development found a significant inverse association between
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OP metabolite levels and scores on the Mental Development
Index (Engel et al. 2011, Eskenazi et al. 2007, Rauh ct al.
2006), this apparent consistency is no longer evident after a
closer examination of results. Specifically, the CCCEH study
detected an association at 36 months among African American
children but not at 12 or 24 months or in Dominican children
(Rauh et al. 2006); the Mount Sinai CECS detected an asso-
ciation at 12 months but not at 24 months among black and
Hispanic children, and an association in the opposite direction
at 12 months among white children (Engel et al. 2011); and
the CHAMACOS cohort found an association at 24 months
but not at 6 or 12 months (Eskenazi et al. 2007). Thus, none
of these studies detected persistent decrements in the Mental
Development Index related to OP insccticide exposure across
infancy and early childhood age groups. No adverse cross-
sectional associations between child urinary OP metabolite
levels and mental development at 24 months were reported in
CHAMACOS (Eskenazi et al. 2007) and the Shanghai study
(Guodong et al. 2012), and most (three out of four) studies
did not detect any significant associations with infant psycho-
motor development (Engel et al. 2011, Eskenazi et al. 2007,
Guodong et al. 2012).

Four studies in four scparate settings assessed cognitive
outcomes in preschool- and school-aged children using the
Wechsler Intelligence Scales, the Children’s Memory Scale,
the Wisconsin Card Sorting Test, and the Trail Making Tests,
although only the Wechsler Scales were used in more than one
study (Bouchard et al. 2011, Engel et al. 2011, Lizardi et al.
2008, Rauh et al. 201 1). Two studies found an inverse associa-
tion between prenatal OP metabolite levels and the Wechsler
Working Memory Index at 7 years (Bouchard et al. 2011,
Rauh et al. 2011), but one study did not (Engel et al. 2011),
and another found no association based on child DAP levels
(Lizardi et al. 2008). In addition, one study found an inverse
association with the Wechsler Perceptual Reasoning Index at
age 7 years (Bouchard et al. 2011) and another detected that
association among PONI o, QQ carriers (Engel et al. 2011),
whercas no significant associations were detected in the other
two studies (Lizardi et al. 2008, Ravh et al. 2011). Three of four
studies detected no significant associations between prenatal
or child OP metabolite levels and the Wechsler Full-Scale 13,
Processing Speed, and Verbal Comprehension Scales (Engel
et al. 2011, Lizardi et al. 2008, Rauh et al. 2011).

Six studies in five seitings evaluated ADHD and other
attention problems in preschool- and school-aged children
using the Child Behavior Checklist, the NEPSY visual
attention subtest, the Conners’ Parental Rating Scales and
Continuous Performance Test, the Hillside Behavior Rating
Scale, composite ADHD indices, the Diagnostic Interview
Schedule for Children 1V, the Strengths and Difficnlties Ques-
tionnaire, and the Behavior Assessment System for Children
(Bouchard et al. 2010, Eskenazi et al. 2007, Fortenberry et al.
2014, Marks et al. 2010, Qulbote and Bouchard 2013, Raub
et al. 2006). Significant positive associations between pre-
natal or child OP metabolite levels and some (but not ali, in
the case of CHAMACOS) measures of ADHD or attention
problems were detected in the CCCEH study at age 36 months
(Rauh et al. 2006}, in the CHAMACOS cohort at age 5 years
(Marks et al. 2010), and 1 NHANES at ages 8-15 years
(Bouchard et al. 2010}, but not in the CHAMACOS cohort
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at ages 24 months and 3.5 years (Eskenazi et al. 2007, Marks
etal. 2010}, the Canadian Health Measures Survey atages 6-11
years (Oulhote and Bouchard 2013), or the ELEMENT smdy
at ages 6-11 years (Fortenberry et al. 2014}, The consistency
of results across studies is difficult to judge, duc to differences
in measurement instruments, analytic approaches, the timing
of metabolite measurement, and the timing of neurodevelop-
mental assessment; the internal inconsistency of the findings
in the CHAMACOS cohort also complicate interpretation.
Overall, the findings for ADHD and attention problems were
approximately equally balanced between positive and null.

Other behavioral problems in preschool- and school-aged
children were measured in three study settings using the Child
Behavior Checklist and the Strengths and Difficulties Ques-
tonnaire (Eskenazi et al. 2010, Eskenazi et al. 2007, Gulhote
and Bouchard 2013, Raub et al. 2006). The only specific
behavioral outcome measured in more than one study was per-
vasive developmental disorder based on the Child Behavior
Checklist, which was positively associated with pre- or peri-
natal OP metabolite levels in the CCCEH study (Rauh et al.
2006y and the CHAMACOS study (Eskenazi et al. 2007).
Although scores from the Strengths and Difficulties Question-
naire have been shown to be highly correlated with those from
the Child Behavior Checklist (Goodman and Scott 1999), it is
unclear whether the global total difficulties scale—which was
not significantly associated with child urinary DAP, DMP, or
DEP metabolite levels in the Canadian Health Measures Sur-
vey (Oulhote and Bouchard 2013)—is comparable to that for
pervasive developmental disorder based on the Child Behavior
Checklist.

In summary, multiple studies reported a variety of associa-
tions of OP metabolites with poorer reflexes in neonates and
working memory, perceptual reasoning, measures of ADHD
and attention problems, and pervasive developmental disorder
in school-aged children. However, this apparent consistency
was detected among only three studies for neonatal refiexes
and selected measures of ADHD and attention problems, and
only two studies for working memory, perceptual reason-
ing, and pervasive developmental disorder. In addition, there
were no associations across three studies for adverse neonatal
behavioral outcomes, infant psychomotor development, other
measures of ADHD and attention problems in school-aged
children, and full-scale 1Q, processing speed, and verbal com-
prehension in school-aged children.

When studies were closely compared according to design,
exposure metric, timing of exposure measmement, age group
of subjects, and neurodevelopmental test, at most only two
studies were directly comparable. That is, the Mount Sinai
CECS (Engel et al. 2007 2011) and CHAMACOS (Young
et al. 2005, Eskenazi et al. 2007, Bouchard et al. 2011) both
used a prospective cohort study design to evaluate prenatal
maternal DAP, DMP, and DEP levels in association with
nenrodevelopmental outcomes measured using the Brazelton
Neonatal Behavioral Assessment Scale, the Bayley Scales
of Infant Development, and the Wechsler Intelligence Scale.
Other prospective birth cohort studies used some of these
neurodevelopmental tests but not the same exposure metrics
{Rauh et al. 2006 2011, Lovasi et al. 2011}, the same exposure
metrics but different neurodevelopmental tests (Yolton et al.
2013), or different exposure and outcome measures (Forten-
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berry et al. 2014). Thus, using our g priori requirement of three
mdependent studies to evaloate the weight of epidemiologic
evidence (stated in the “Scope of review” section), the avail-
able data are msufficient to establish consistent associations
between specific OP metabolites and specific neurodevelop-
mental outcomes.

Temporality. Issues related to the temporality of measuored
OP metabolites and neurodevelopmental outcomes are simi-
lar to those discussed above in the evaluation of associations
with birth outcomes, except that perinatal or early childhood
exposures could plausibly be related to subsequent neurode-
velopment. However, because little is known about the tim-
ng of varions ncurodevelopmental impairments, it is unclear
whether environmental exposures in early gestation, late
gestation, infancy, early childhood, or later clildhood—or
perhaps a combination of these—are most ctiologically rel-
evant. The paucity of knowledge about possible biological
mechanisms and latency periods in peurodevelopment may
justify the practice of multiple comparisons, with cxposores
and outcomes measured at multiple time periods being tested
for associations. However, the pitfalls of this approach should
be acknowledged; it is scientifically invalid to test numerous
associations and choose the statistically significant ones as
being the etiologically correct ones while dismissing the sta-
tistically non-significant associations.

Biological gradient. Although most studies implicitly
assumed a log-linear exposure-outcome relationship between
OP metabolites and neurodevelopmental outcomes, several
explicitly tested for a biclogical gradient by categorizing
exposures into at least three ordinal categories and assessing
trends across those categories, with mixed results. Specifically,
in the Mount Sinai CECS, although positive associations were
detected between a continuous increase in maternal prenatal
urinary DAP and DEP levels and number of abnormal reflexes
in neonates, the estimated association with DAP concentra-
tions was stronger for the sccond-lowest quartile than the high-
est (compared with the lowest), and the association with DEP
concentrations was stronger for the second-highest quartile
than the highest, suggesting a non-monotonic relationship
(Engel et al. 2007). In the same study, the inverse association
observed between maternal prenatal DAP and DMP levels
and the Bayley Mental Development Index at 12 months
among black or Hispanic infants appeared to be monotonic
when evaluated across tertiles of metabolite levels (Engel
et al. 201 1). In the CHAMACOS cohort, exposure-response
gradients were tested between quintiles of maternal prenatal

mal reflexes in infants aged >3 days to =2 months (Young
et al. 2005), as well as between quintiles of maternal prenatal
urinary DAP levels and all five Wechsler Intelligence Scale
measures at age 7 years (Bouchard et al. 2011). Although
Wechsler scores were consistently lower in the second than the
third quartile of prenatal DAP levels, significant monotonic
trends were detected in all of these analyses, supporting their
validity. No significant trends were detected between ordinal
categories of maternal prenatal urinary MDA and TCPy levels
and the Bayley Motor and Psychosocial Development Indices
at 6, 12, and 24 months (Eskenazi et al. 2007).

Crit Rev Toxicol, 2015; 45(7): 531-641

In NHANES data, ordinally increasing categories—unde-
tectable, below median, or above median—of urinary DMTP
(the only metabolite evaluated as a categorical variable) were
associated with progressively higher ORs for parent-reported
prevalent ADHD, suggesting a monotonic gradient (Bouchard
et al. 2010). In school-aged Mexican children, no statistically
significant monotonic trends were detected across increasing
tertiles of maternal prenatal urinary TCPy levels and vari-
ous screening measures of ADHD (Fortenberry et al. 2014).
Borderline significant trends were detected with increasing
scores on the Conners’ Parental ADHD index among boys
(P, .., = 0.06) and increasing hit reaction time block change
on the Conners’ Continuous Performance Test among boys
and girls combined, but evidence of non-monotonicity was
detected for both outcomes among girls. Finally, analyses
based on maternal prenatal urinary DAP levels categorized
into quintiles clearly illustrated monotonic inverse associations
with the behavior, passive tone, active tone, primary reflexes,
and summary scores on the Neonatal Behavioral Neurological
Assessment among Chinese neonates, supporting the results
of linear regression models (Zhang et al. 2014). Overall, then,
most of this subset of studies detected biological gradients
that strengthen the evidence in support of exposure-response
relationships between OP insecticide exposure and adverse
neurcdevelopmental outcomes, although some results were
not consistent with monotonic trends.

Plausibility and coherence. The biological plausibility and
coherence of the epidemiologic and toxicological evidence on
OP insectcides in relation to neurodevelopmental outcomes
was discussed above. The OP insecticide Jevels measured
in the epidemiologic studies are far lower than would cause
meaningful AChE inhibition based on animal and (limited)
human toxicology data, and lower than has been established
as clinically significant in animal studies. Therc are no known
biological pathways for OP insecticides to cause the neurode-
velopmental effects examined in the epidemiologic studies.
Although the lack of established pathways docs not mean that
they do not exist, the existing evidence does not support a
causal interpretation.

A consideration in the evaluation of coherence of evidence
is whether observed interactions between OP metabolite
levels and PONT activity levels or genotypes suggest greater
susceptibility to adverse neurodevelopmental effects of OP
insecticides in individuals with lower PONT activity levels.
Three studies evaluated such interactions. In the Mount Sinai
CECS, significantly stronger positive associations between
maternal prenatal DAP and DMP metabolite levels and hav-
ing =2 versus << 2 abnormal neonatal reflexes were detected
among those with lower levels of maternal plasma PONI
enzymatic activity, with an increasing exposure-response
pattern in the RR across tertiles of decreasing PON1 activity
(Engel ct al. 2007). By contrast, in the same cohort, mixed
results were obtained in analyses of interactions of maternal
prenatal urinary DAP, DMP, and DEP levels with PON/
PONI 5o, and PONI .o > . polymorphisms and PONI
enzymatic activity (Engeletal. 2011). In particular, PON/
genotype interacted with prenatal DAP and DMP levels in
the expected direction (i.e., with stronger adverse associa-
tions in R allele carriers) with respect to the Bayley Mental
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Figure 3. Hstimated associations between maternal prenatal urinary DAP levels and birth outcomes. Circles indicate estimated regression cocfficients
(betas), with 95% Cls indicated hy whiskers. Exposures are log,, DAP concentrations in nmol/g creatinine (Wolft et al. 2(07), nmol/L. (Hskenazi
et al. 2004), and nmol/L, creatinine-standardized (Rauch et al. 2012). A. Associations with birth weight in grams. B. Associations with birth length in
centimeters. C. Associations with head circumference in centimeters. . Associations with ponderal index in grams per cubic centimeter. E. Associations
with gestational age in weeks.

Development Index at 12 months in blacks and Hispanics, genotype and enzyme measures or neurodevelopmental out-
but opposite to the hypothesized direction with respect (o comes tested. In the CHAMACOS study, interactions were
the Wechsler Perceptual Reasoning Index at 6-9 years, and examined between maternal prenatal urinary DAP, DMP,
no significant interactions were found for the other PON1 and DEP levels and maternal and child PON1 enzyme mea-
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Figare 3. (Continued).

surements and genotypes with respect to the Bayley Mental
and Psychomotor Development Indices and Child Behavior
Checklist pervasive developmental disorder score (Eskenazi
et al. 2010). No apparent interactions or patterns suggest-
ing higher susceptibility with lower PONI1 activity were
detected. Altogether, these limited findings do not provide
consistent, coherent evidence to support the hypothesis that
low PON1 activity levels augment individual susceptibility
to impaired neurodevelopment from OP insecticide expo-
sure. One possible reason for the lack of consistent evidence
for higher susceptibility with lower PON1 activity is that not
all OP insccticides are detoxified by PON1 (Coombes ot al.
2(14). Additdonally, Coombes et al. (2014) found that PON1
may not affect metabolism of chlorpyrifos at environmen-
tally relevant exposures.

Specificity, experiment, and analogy. As discussed in the evalu-
ation of the weight of evidence on OP insecticides and birth ont-
comes, no specificity is evident in the relationships between any
particular OF insecticide and any particular neurodevelopmental
outcome. Relevant experimental or quasi-experimental evidence
pertaining to low-dose OP insecticide exposure and adverse neu-
rodevelopmental outcomes in humans is Jacking, and analogies
to other neurotoxic or non-neurotoxic prenatal exposures do pot
convincingly confirm or negate a causal hypothesis,

Discussion

This paper reviews a large body of epidemiologic literature
and weighs the overall evidence using the framework of the
Bradford Hill guidelines. In this section, we focus on three
prospective cohort studies (CECS, CHAMACOS, and HOME)
that we judged to have the most informative design, and that
measured maternal prenatal urinary DAP levels prior to birth
or neurodevelopmental outcomes. In addition, we focused
on associations with total urinary DAPs in all study subjects
combined, to facilitate comparisons across studies, because
DAPs were the common exposure metric. Where available,
we used associations with creatinine-standardized wurinary
DAP levels and those that were fully adjusted for potential
confounders.

As shown in Figure 3, these most informative cohort
studies on balance reported no consistent significant asso-
ciations between maternal prenatal urinary DAP levels and
birth weight, birth length, head circumference, ponderal
index, or gestational age. Figure 4 shows that, in general,
there was also a lack of a significant association between
maternal prenatal urinary DAP levels and most measures
of neonatal neurodevelopment. Urinary DAP levels were
significantly associated with increased risk of abnormal
reflexes at birth in two studies (Engel et al. 2007, Young
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Thgure 4. Estimated associations between maternal prenatal urinary DAP levels and neurodevelopmental outcomes. Circles indicate estimated regression
coefficients {betas), except for associations with abnormal reflexes in neonates, where circles indicate estimated relative risks. Whiskers indicate 95%
Cls. Bxposures are log,, DAP concentrations in nmol/k (Engel et al. 2007, Engel et al. 2011, Young et al. 20053, and Bouchard et al. 2011) and in nmol/g
creatinine {converted from log,) {Yolton et al. 2013). A. Associations with neurodevelopmental outconies in neonates. Most quantitative estimates were
not reported by Yolton et al. (2013). who stated that associations not shown were statistically non-significant. B. Associations with neurodevelopmental
outcomes in infants. C. Associations with nearodevelopmental outcomes in children.

et al. 2005). though not in the third cohort (Yolton et al. measures of neurodevelopment in infancy. Several sig-
2013). No consistent significant associations were detected nificant associations between prenatal urinary DAPs and
between maternal prenatal wurinary DAPs and Bayley Wechsler measures of cognitive development in childhood
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were detected in one study (Bouchard et al. 2011), but not
the other (Engel et al. 2011), although point estimates in
the latter study were below the null value.

Overall, these three mostinformative and comparable studies
did not establish any consistent associations between maternal
prenatal urinary DAP levels and birth or neurodevelopmental
outcomes. Although results for abnormal neonatal reflexes and
poorer childhood cognitive development suggested a possible
association, these were not entirely consistent across studies
and require independent confirmation.

In summary, associations observed between OF metabolites
and birth outcomes in epidemiologic studies have been mostly
weak or imprecise, inconsistent, temporally ambiguous, not
clearly monotonic, not biologically plausible or coherent with
toxicological evidence given the estimated degree of AChE
inhibition at chserved DAP concentrations, and not specific to
any OP insccticide or health cutcome. Associations between
OF metabolites and neurodevelopmental outcomes in observed
in these epidemiologic studies likewise do not unequivocally
mect any of the Bradford Hill guidelines. Sir Austin Bradford
Hill stated that none of these guidelines must necessarily
be met to establish a causal relationship: “None of my nine
viewpoints can bring indisputable evidence for or against the
cause-and-effect hypothesis and none can be required as a
sine gua non” (Hill 1965). Some might consider the standards
for causality used in this analysis as restrictive (e.g., use of
Bradford Hill, criteria for agreement across three independent
studies). It is possible that the use of other standards could
yield different conclusions.

The inconsistencies across the studies also have to be con-
sidered in Light of the lack of a biologically plausible mecha-
nism for the adverse birth cutcomes or neurodevelopmental
effects evaluated in the studies. Even far less severe effects,
such as mild AChE inhibition, occur at dosages that are sub-
stantially higher than the OP insecticide levels measured in the
epidemiologic studies.

A common limitation of existing studies is their reliance on
nan-specific DAP metabolites measured in one or two urine
specimens, Given the high variability of DAP metabolite lev-
els in time-series analysis, more frequent sampling is needed
to more accurately estimate exposure during pregnancy. In
addition, studies with repeated serum or plasma measure-
ments could provide further insight into the relationship of
OP exposure with birth outcomes, childhood growth, and ncu-
rodevelopment. Standardization of exposures and neurodevel-
opmental measures would also aid comparisons across studies.
In general, stadics must be larger to enable statistically robust
analyses of gene/environment interactions; to this end, pooling
of study populations might be useful. However, efforts should
be made to recognize and adjust for the expected frequency of
false-positive results that arise due to multiple comparisons,
especially in exploratory analyses (Wacholder et al. 2004,
Glickman et al. 2014). In light of the existing himitations and
inconsistency of studies, the body of epidemiologic data avail-
able at this time does not convincingly demonstrate an effect
of low-level OP insecticide exposure on any adverse health
outcomes in humans,

Although or goal was to include all relevant data on this
topic, it is possible that some studies published in non-English

journals were missed in our review. It is also possible that the
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current literature is subject to publication and reporting bias.
it is has been shown empirically that null results in general
are less likely to be reported (Dickersin and Min 1963, Dwan
et al. 2008), or if reported, presented in the conclusions (Kyzas
et al. 2007).

Conclusions

Recent epidemiologic studies on balance have found weak and
inconsistent associations of maternal exposures to OP insec-
ticides with birth outcome and neurodevelopmental testing
results in the offspring. Perhaps the most important limitation
of the extant literature is the exposure classification, which is
subject to significant uncertainties due to limited sampling
during pregnancy, despite the high temporal variability in
exposure. In addition, the available studies cannot differentiate
metabolites that form directly on and in food items and are not
the result of OP insecticide exposure. Given the heterogeneity
across studies in terms of overall design, types of exposure
biomarkers assessed, timing of exposure measurement, birth
outcomes, neurodevelopmental tesis, statistical modeling
approaches, and reporting of results, mter-study comparisons
are challenging, and consistency of findings has not been
established.

The available toxicology data show that the dosages
required to cause AChE inhibition are far higher than the
levels observed in the epidemiologic studies, a finding that
raises further uncertainties about the biological plausibility
of the epidemiologic findings. Nonetheless, the studics evalu-
ate potential effects of major public health importance, and
some of the findings, particularly poorer reflexes in neonates,
ADHD/attention problems, lower cognitive scores in preschool
or school-aged children, and changes in brain morphology,
warrant additional study.
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Message

From: Janet Collins [jcollins@croplifeamerica.org]
Sent: 4/13/2018 7:03:45 PM
To: Beck, Nancy [/o=Exchangelabs/ou=Exchange Administrative Group

(FYDIBOHF23SPDLT)/cn=Recipients/cn=168ecb5184ac44de95a913297f353745-Beck, Nancyl; Keigwin, Richard
[/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=151baabb6a2246a3a312f12a706c0a05-Richard P Keigwin Jr]

CC: csmith@gowanco.com [fo=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=85a93dee627e495997f325593ed303eb-csmith@gowal]

Subject: RE:

You too; thank you. Can’t wait to run down to see the blossoms again this afternoon.

Janet

Ex. 6

From: Beck, Nancy [mailto:Beck.Nancy@epa.gov]

Sent: Friday, April 13, 2018 2:53 PM

To: Janet Collins <jcollins@croplifeamerica.org>; Keigwin, Richard <Keigwin.Richard@epa.gov>
Cc: csmith@gowanco.com

Subject: RE:

Thanks for following up Janet.

Enjoy the beautiful warm and sunny weekend!
Nancy

Nancy B. Beck, Ph.D., DABT
Deputy Assistant Administrator, OCSPP

 Ex. 6

beck.nancy@epa.poy

From: Janet Collins [mailto:icollins @croplifeamerica.org]

Sent: Friday, April 13, 2018 2:13 PM

To: Beck, Nancy <Back. Nancy@epa.gov>; Keigwin, Richard <Keigwin Richard@epa.gov>
Ce: comithi@gowanco. com

Subject:

Dear Nancy and Rick- thank you for the time you dedicated to meeting with us on Wednesday morning.

During the meeting, we discussed the EPA consideration of the exposure information from the CHAMACQS study. We
discussed that CHAMACQOS did not report chlorpyrifos but did report on the oxons of chlorpyrifos. Attached please find
a paper published in 2012 wherein you will note the authors statement (see last sentence in abstract) that oxons would
not be in the peripheral tissues- thus, would not be present in the brain- brain function would not then be affected by
oxons in the blood samples.

We welcome the opportunity to discuss this further, and likely will address that specific point when we provide the final
study report that we have conducted to plot the data from the Columbia University study.
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Thank you again.
My best

Janet E Collins, Ph.D., R.D.

Executive Vice President, Science and Regulatory Affairs
CropLife America

1156 15 Street, NW; Suite 400

Washington DC 20001

Ex. 6
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Message

From: Cindy Smith [csmith@gowanco.com]
Sent: 4/11/2018 9:07:33 PM
To: Keller, Kaitlin [/o=Exchangelabs/ou=Exchange Administrative Group

(FYDIBOHF23SPDLT)/cn=Recipients/cn=d7a6b15adfd745c6adalcl21dec27ac4-Keller, Kail; janet collins
[/o=Exchangelabs/ou=Exchange Administrative Group {(FYDIBOHF23SPDLT)/cn=Recipients/cn=usera98e8fe5]
CC: Beck, Nancy [/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=168ecb5184ac44de95a913297f353745-Beck, Nancy]
Subject: RE: Update Meeting Materials

Kaitlin — wow thanks very much for getting this to us so quickly and for your time today.

From: Keller, Kaitlin <keller.kaitlin@epa.gov>

Sent: Wednesday, April 11, 2018 1:54 PM

To: janet collins <jcollins@croplifeamerica.org>

Cc: Beck, Nancy <Beck.Nancy@epa.gov>; Cindy Smith <csmith@gowanco.com>
Subject: RE: Update Meeting Materials

Hi Janet,

As follow-up to the meeting today, | have attached Appendix 6 pulled from the 20114 Chiorpyrifos Human Health Risk

Mississippi, not North Carolina, but still in the south) is the researcher studying mechanistic effects, specifically related
to endocannabinoids.

Thanks,
Kaitlin

Kaitlin Keller, Special Assistant

Office of Chemical Safety and Pollution Prevention
U.S. Environmental Protection Agency

(202) 564-7098

From: Janet Collins [mailtg:icollins@cropiifeamernica.org)

Sent: Monday, April 09, 2018 11:39 AM

To: Keller, Kaitlin <keller.kaitliin®epa.gov>

Cc: Beck, Nancy <Beck.Mancy@epa.gov>; esmith@zowanco.com; Courtney DeMarco <cdemarco@oroptifeamerica. org>;
Bolen, Derrick <bolen.derricki@epa.gov>

Subject: Re: Update Meeting Materials

Thank you Kaitlin. We can make that work.

On Apr 9, 2018, at 11:15 AM, Keller, Kaitlin <keller kaitlin®epa.zov> wrote:

Hi Janet,
Apologies for any confusion. We can do an hour here Wednesday, can you come in 9-10am?

Thank you,
Kaitlin
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Kaitlin Keller, Special Assistant

Office of Chemical Safety and Pollution Prevention
U.S. Environmental Protection Agency

(202) 564-7098

From: Janet Collins [mailto:icollins@croptifeamerica.orz)

Sent: Monday, April 09, 2018 8:13 AM

To: Beck, Nancy <Beck Nanoy@epa.gov>

Cc: camith@gowanco.com; Courtney DeMarco <cdemarco@oroplifeamerica.org>; Keller, Kaitlin
<keller kaitlin®epa.gov>; Bolen, Derrick <biglen.derrick @epa.gov>

Subject: Re: Update Meeting Materials

Thanks Nancy- my understanding is that we have one hour.
Please confirm specifically

On Apr 9, 2018, at 7:34 AM, Beck, Nancy <Back. Mancy@eapa.gov> wrote:

Thanks Janet.
Should | consider the below information the agenda for our meeting. My understanding
is that your group is coming in for 30 minutes on Wednesday.

Thanks,
Nancy

Nancy B. Beck, Ph.D., DABT
Deputy Assistant Administrator, OCSPP

- Ex. 6

beckonancyi@epa.gov

From: Janet Collins [mailtg:icollina@oropiifeamerica.org)

Sent: Monday, April 9, 2018 7:08 AM

To: Beck, Nancy <Beck. Nancyi@epa.gov>

Cc: ssmnith@®eowance.com; Courtney DeMarco <gdemareo@oroplifeamerica.org>
Subject: Update Meeting Materials

Importance: High

Nancy- again we really appreciate you joining our Strategic Oversight Council discussion
on January 25™. You may recall that we had several items we committed to follow up
on for you.

1. You raised the concept of a 3™ party review of the epidemiological data that is
the basis for EPA’s HED Memorandum that reapplies an FQPA 10x to all
organophosphate risk assessments. We wanted to highlight for you that some
3" party reviews of those data have been conducted. | have highlighted the
summaries of the following papers and provided them in their entirety if you
want to review them:

a. Debbie Edwards Paper
b. Rick Reiss/Michael Goodman Paper
c. Gradient Paper (2015)
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2. We pointed out that EPA had completed risk assessments for some
organophosphates after the epidemiological data were available to them where
no FQPA 10x was applied. Here are the specific examples. Here are the specific
examples of organophosphates which EPA removed the FQPA 10x and did not
reapply until the HED memo issued in 2015:

a. Bensulide — EPA scoping document in 2008 did not reapply the FQPA

10x based on the epi data despite the Agency being aware of those data
b. Phosmet — EPA scoping document in 2009 did not reapply the FQPA 10x

based on the epi data despite the Agency being aware of those data
Additionally, | also include a letter written in 2013 by Steve Bradbury (then
Director of the Office of Pesticide Programs) regarding the use of these
same epidemiology data in risk assessments. It is our contention that for
EPA to reapply the FQPA 10x to a compound from which the Agency had
removed it, they must have reliable and available data. The researchers
have not provided the data to the Agency for the epidemiological studies
that are the basis for EPA reapplying the FQPA 10x.

3. Ongoing mechanistic data. You mentioned ongoing research—possibly at ORD —
to determine if there is some other mode of action occurring at doses lower
than those that inhibit cholinesterase that may cause neurodevelopmental
effects. Can you please provide more information about what is being
done? We would just like to point that previous discussions on this topic often
focused on brain rather than RBC and the focus really needs to be on RBC.

Thanks again for agreeing to meet with us on Wednesday- we appreciate it.

Janet

Ex. 6
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Message

From: Janet Collins [jcollins@croplifeamerica.org]

Sent: 4/11/2018 8:57:10 PM

To: Keller, Kaitlin [/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=d7a6b15adfd745c6adalcl21dec27ac4-Keller, Kail

CC: Beck, Nancy [/o=Exchangelabs/ou=Exchange Administrative Group

(FYDIBOHF23SPDLT)/cn=Recipients/cn=168ecb5184ac44de95a913297f353745-Beck, Nancyl; csmith@gowanco.com
[/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=85a93dee627e495997f325593ed303eb-csmith@gowal]

Subject: Re: Update Meeting Materials

Thanks so much Kaitlin- most appreciated.

And thank you for the meeting.

On Apr 11, 2018, at 4:54 PM, Keller, Kaitlin <kslier. kaitlin@epa.gov> wrote:

Hi Janet,

As follow-up to the meeting today, | have attached Appendix 6 pulled from the 214

Chiorpyrifos Human Health Risk Assessment. Section LB, discusses co-exposure to other
environmental contaminants. Also, Russell Carr {out of Mississippi, not North Carolina, but still in the
south) is the researcher studying mechanistic effects, specifically related to endocannabinoids.

Thanks,
Kaitlin

Kaitlin Keller, Special Assistant

Office of Chemical Safety and Pollution Prevention
U.S. Environmental Protection Agency

(202) 564-7098

From: Janet Collins [mailtg:icollins@oropiifeamernica.org)

Sent: Monday, April 09, 2018 11:39 AM

To: Keller, Kaitlin <keller kaitlin®epa.gow>

Cc: Beck, Nancy <Back.Mancy @epa.gov>; osmithfzowanco.com; Courtney DeMarco
<cdemarco@oroplifeamerica.org>; Bolen, Derrick <bolen. derrick@epa.sov>
Subject: Re: Update Meeting Materials

Thank you Kaitlin. We can make that work.

On Apr 9, 2018, at 11:15 AM, Keller, Kaitlin <keller kaitlin®epa.zov> wrote:

Hi Janet,

Apologies for any confusion. We can do an hour here Wednesday, can you come in 9-
10am?

Thank you,
Kaitlin

ED_002061_00046647-00001



Kaitlin Keller, Special Assistant

Office of Chemical Safety and Pollution Prevention
U.S. Environmental Protection Agency

(202) 564-7098

From: Janet Collins [mailtn:iccllins@oroptifeamerica. org)

Sent: Monday, April 09, 2018 8:13 AM

To: Beck, Nancy <Beck Nanoy@epa.gov>

Cc: camith@gowanco.com; Courtney DeMarco <cdemarco@oroplifeamerica.org>;
Keller, Kaitlin <keller kaitlin@ena.sov>; Bolen, Derrick <boien.derricki@epa.gov>
Subject: Re: Update Meeting Materials

Thanks Nancy- my understanding is that we have one hour.
Please confirm specifically

On Apr 9, 2018, at 7:34 AM, Beck, Nancy <Back. MNancy@eapa.gov> wrote:

Thanks Janet.

Should | consider the below information the agenda for our meeting.
My understanding is that your group is coming in for 30 minutes on
Wednesday.

Thanks,
Nancy

Nancy B. Beck, Ph.D., DABT
Deputy Assistant Administrator, OCSPP

Ex. 6

back nancy@iepa.gov

From: Janet Collins [mailio:icellins@ cropiifearmerica. org)
Sent: Monday, April 9, 2018 7:08 AM

To: Beck, Nancy <Beck. Nancy@epa.gov>

Cc: csmith@gowanco.com; Courtney DeMarco
<cdemarce@coroplifeamerica org>

Subject: Update Meeting Materials

Importance: High

Nancy- again we really appreciate you joining our Strategic Oversight
Council discussion on January 25". You may recall that we had several
items we committed to follow up on for you.

1. You raised the concept of a 3™ party review of the
epidemiological data that is the basis for EPA’s HED
Memorandum that reapplies an FQPA 10x to all
organophosphate risk assessments. We wanted to highlight for
you that some 3™ party reviews of those data have been
conducted. | have highlighted the summaries of the following
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papers and provided them in their entirety if you want to review
them:

a. Debbie Edwards Paper

b. Rick Reiss/Michael Goodman Paper

c. Gradient Paper (2015)

2. We pointed out that EPA had completed risk assessments for
some organophosphates after the epidemiological data were
available to them where no FQPA 10x was applied. Here are the
specific examples. Here are the specific examples of
organophosphates which EPA removed the FQPA 10x and did
not reapply until the HED memo issued in 2015:

a. Bensulide — EPA scoping document in 2008 did not
reapply the FQPA 10x based on the epi data despite the
Agency being aware of those data

b. Phosmet — EPA scoping document in 2009 did not
reapply the FQPA 10x based on the epi data despite the
Agency being aware of those data

Additionally, I also include a letter written in 2013 by Steve

Bradbury (then Director of the Office of Pesticide Programs)

regarding the use of these same epidemiology data in risk
assessments. It is our contention that for EPA to reapply
the FQPA 10x to a compound from which the Agency had
removed it, they must have reliable and available data. The
researchers have not provided the data to the Agency for
the epidemiological studies that are the basis for EPA
reapplying the FQPA 10x.

3. Ongoing mechanistic data. You mentioned ongoing research—
possibly at ORD —to determine if there is some other mode of
action occurring at doses lower than those that inhibit
cholinesterase that may cause neurodevelopmental
effects. Can you please provide more information about what is
being done? We would just like to point that previous
discussions on this topic often focused on brain rather than RBC
and the focus really needs to be on RBC.

Thanks again for agreeing to meet with us on Wednesday- we
appreciate it.

Janet

Ex. 6

<Appendix 6 2014 CPFOS HHRA pdf>
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Message

From: Keller, Kaitlin [/O=EXCHANGELABS/OU=EXCHANGE ADMINISTRATIVE GROUP
(FYDIBOHF23SPDLT)/CN=RECIPIENTS/CN=D7A6B15ADFD745C6ADA1C121DEC27ACA-KELLER, KAl]
Sent: 4/11/2018 8:54:18 PM

To: janet collins [/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=usera98e8fe5]
CC: Beck, Nancy [/o=Exchangelabs/ou=Exchange Administrative Group

(FYDIBOHF23SPDLT)/cn=Recipients/cn=168ecb5184ac44de95a913297f353745-Beck, Nancy]; csmith@gowanco.com
[/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=85a93dee627e495997f325593ed303eb-csmith@gowal

Subject: RE: Update Meeting Materials

Attachments: Appendix 6_2014 CPFOS HHRA. pdf

Hi Janet,

As follow-up to the meeting today, | have attached Appendix 6 pulled from the 2114 Chiorpyrifos Human Health Risk

Mississippi, not North Carolina, but still in the south) is the researcher studying mechanistic effects, specifically related
to endocannabinoids.

Thanks,
Kaitlin

Kaitlin Keller, Special Assistant

Office of Chemical Safety and Pollution Prevention
U.S. Environmental Protection Agency

(202) 564-7098

From: Janet Collins [mailto:jcollins@ croplifeamerica.org]

Sent: Monday, April 09, 2018 11:39 AM

To: Keller, Kaitlin <keller.kaitlin@epa.gov>

Cc: Beck, Nancy <Beck.Nancy@epa.gov>; csmith@gowanco.com; Courtney DeMarco <cdemarco@croplifeamerica.org>;
Bolen, Derrick <bolen.derrick@epa.gov>

Subject: Re: Update Meeting Materials

Thank you Kaitlin. We can make that work.

On Apr 9, 2018, at 11:15 AM, Keller, Kaitlin <keller kaitlin®epa.zov> wrote:

Hi Janet,
Apologies for any confusion. We can do an hour here Wednesday, can you come in 9-10am?
Thank you,

Kaitlin

Kaitlin Keller, Special Assistant

Office of Chemical Safety and Pollution Prevention
U.S. Environmental Protection Agency

(202) 564-7098
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From: Janet Collins [imailio:isollins @ cropiifeamerica.orgl

Sent: Monday, April 09, 2018 8:13 AM

To: Beck, Nancy <Beck Nanoy@epa.gov>

Cc: csmith@gowanco.com; Courtney DeMarco <cdemarco@oroplifeamerica.org>; Keller, Kaitlin
<keller.kaitin®@epa.gow>; Bolen, Derrick <bwlen.derrick@epa.pov>

Subject: Re: Update Meeting Materials

Thanks Nancy- my understanding is that we have one hour.
Please confirm specifically

On Apr 9, 2018, at 7:34 AM, Beck, Nancy <Beck.MNancy@apa.gov> wrote:

Thanks Janet.
Should | consider the below information the agenda for our meeting. My understanding
is that your group is coming in for 30 minutes on Wednesday.

Thanks,
Nancy

Nancy B. Beck, Ph.D., DABT
Deputy Assistant Administrator, OCSPP

Ex. 6

beck.nancy@epa.gov

From: Janet Collins [mailto:icollins@oroplifeamerica. g

Sent: Monday, April 9, 2018 7:08 AM

To: Beck, Nancy <Beck. Nancyi@epa.gov>

Cc: csmith@eowance.com; Courtney DeMarco <gdemarco@oroplifeamsarica.org>
Subject: Update Meeting Materials

Importance: High

Nancy- again we really appreciate you joining our Strategic Oversight Council discussion
on January 25". You may recall that we had several items we committed to follow up
on for you.

1. You raised the concept of a 3™ party review of the epidemiological data that is
the basis for EPA’s HED Memorandum that reapplies an FQPA 10x to all
organophosphate risk assessments. We wanted to highlight for you that some
3™ party reviews of those data have been conducted. | have highlighted the
summaries of the following papers and provided them in their entirety if you
want to review them:

a. Debbie Edwards Paper
b. Rick Reiss/Michael Goodman Paper
c. Gradient Paper (2015)

2. We pointed out that EPA had completed risk assessments for some
organophosphates after the epidemiological data were available to them where
no FQPA 10x was applied. Here are the specific examples. Here are the specific
examples of organophosphates which EPA removed the FOPA 10x and did not
reapply until the HED memo issued in 2015:

ED_002061_00046657-00002



a. Bensulide — EPA scoping document in 2008 did not reapply the FQPA

10x based on the epi data despite the Agency being aware of those data
b. Phosmet — EPA scoping document in 2009 did not reapply the FQPA 10x

based on the epi data despite the Agency being aware of those data
Additionally, | also include a letter written in 2013 by Steve Bradbury (then
Director of the Office of Pesticide Programs) regarding the use of these
same epidemiology data in risk assessments. It is our contention that for
EPA to reapply the FQPA 10x to a compound from which the Agency had
removed it, they must have reliable and available data. The researchers
have not provided the data to the Agency for the epidemiological studies
that are the basis for EPA reapplying the FQPA 10x.

3. Ongoing mechanistic data. You mentioned ongoing research—possibly at ORD —
to determine if there is some other mode of action occurring at doses lower
than those that inhibit cholinesterase that may cause neurodevelopmental
effects. Can you please provide more information about what is being
done? We would just like to point that previous discussions on this topic often
focused on brain rather than RBC and the focus really needs to be on RBC.

Thanks again for agreeing to meet with us on Wednesday- we appreciate it.

Janet

Ex. 6
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Appendix 6. Columbia Center for Children’s Environmental Health
(CCCEH) Epidemiology Data Acquisition “Raw Data” Request

I ACTION REQUESTED

To fulfill identified information needs for the purposes of incorporating the Columbia Center for
Children’s Environmental Health (CCCEH) epidemiology data into the Human Health Risk
Assessment (HHRA) for chlorpyrifos, the agency sought to obtain certain “raw data” from
CCCEH researchers. Specifically, EPA requested the original analytic data file used to support
analyses presented in the peer-reviewed, published epidemiology studies concerning in utero
chlorpyrifos exposure (V. Rauh et al., 2011; V. A. Rauh et al., 2006; Whyatt et al., 2004).
CCCEH researchers did not agree to provide these data, however, the researchers met with EPA
and discussed the agency’s questions about the data to help determine whether further review of
the raw data might assist EPA in resolving uncertainties. As a result of new information gathered
through an on-site meeting and other sources, EPA is no longer pursuing the request for the
original analytic data file from CCCEH researchers. This memorandum details the new
information gained that resolves or renders unobtainable the previously identified information

needs.

IL. BACKGROUND

EPA considers many different types of scientific information when performing a human health
risk assessment (HHRA) of pesticide exposure in the human population. Traditionally, EPA uses
toxicology, product and residue chemistry, and industrial hygiene studies as well as measured
and modeled human and environmental exposure information to support assessment of
environmental risks. In its preparation of the HHR A for chlorpyrifos, the agency has evaluated
environmental epidemiology studies of the potential risk of long-term neurodevelopmental
effects such as delayed motor skill acquisition or reduced intelligence quotient (IQ) measures
among children who experienced pesticide exposure during gestational development. There are
three prospective birth cohort studies in the U.S. that examine pesticide exposure (as well as
other environmental toxicants) to the pregnant mother and fetus, and then measure neurological

and neurodevelopmental performance in children as they grow older. EPA has provided some of
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the funding support for each of these studies. Authors hypothesize that in utero and early life
exposure may influence brain development and effect neurological functioning in children.
These studies include the CHAMACOS study in the Salinas Valley, CA, the Mt. Sinai children’s
environmental health study (Mt. Sinai study), and the Columbia Center for Children’s
Environmental Health (CCCEH).

The CCCEH study is the only one of the three studies that measures maternal and fetal exposure
to chlorpyrifos specifically; the other two cohorts measure exposure to organophosphate
pesticides generally. Authors with the CCCEH study reported reduced birth weight and birth
length among neonates more highly exposed to chlorpyrifos during gestation (as measured by
cord blood concentration of chlorpyrifos) (Whyatt et al., 2004). Similarly, authors observed
slower motor skill acquisition and reduced mental capacity among infants who were more highly
exposed to the chemical in utero (V. A. Rauh et al, 2006). In 2011, authors from all three birth
cohort studies concurrently reported evidence of reduced measures of intelligence (Wechslar
intelligence scale scores) by increasing in ufero chlorpyrifos and/or organophosphate exposure

(M. F. Bouchard et al ., 2011; Engel et al, 2011; V. Rauh et al, 2011).

Given the value of this information to the agency’s HHRA for chlorpyrifos, EPA requested the
FIFRA SAP to provide external peer review of the strengths and limitations of the epidemiology
data for use in the chlorpyrifos HHRA (FIFRA SAP September 2008 and April 2012). The
agency identified two major areas in which additional information was needed to fully
incorporate these data into the HHRA: additional measures of environmental exposure to
chlorpyrifos in the CCCEH cohort to discern whether acetyl cholinesterase inhibition was likely
to have occurred in connection with reported adverse outcomes, and also the role of other
environmental chemicals (lead, polycyclic aromatic hydrocarbon (PAH), other organophosphate
pesticides) in the observed adverse neurological effects reported in relation to 7n utero

chlorpyrifos exposure.
To fulfill these information needs for the purposes of incorporating the epidemiology data into

the chlorpyrifos HHR A, the agency sought to obtain certain “raw data” from the Columbia
Center for Children’s Environmental Health (CCCEH) study. Specifically, EPA requested the
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original analytic data file used to support analyses presented in the peer-reviewed, published
epidemiology studies concerning in utero chlorpyrifos exposure (V. Rauh et al, 2011; V. A.
Rauh et al., 2006, Whyatt et al., 2004). CCCEH did not agree to provide the data based upon
these initial inquiries and they asserted that because EPA did not fund the pesticide exposure
component of their cohort study EPA was not legally entitled to review their underlying data.
CCCEH did agree, however, to meet and discuss EPA’s questions about the data to help
determine whether further review of the raw data might assist EPA in resolving uncertainties. As
aresult on April 15% 2013, EPA scientists and CCCEH researchers held an all-day meeting at
the CCCEH data center (Mailman School of Public Health, New York City, NY) to discuss
EPA’s information needs and whether acquisition of the full analytic data would be necessary or
valuable to EPA’s assessment. Addendum 1 delineates the questions EPA posed to CCCEH
study staff at this all-day meeting.

III. RESOLUTION OF INFORMATION NEEDS
A. EPIDEMIOLOGY STUDY EXPOSURE CHARACTERIZATION

The primary rationale supporting EPA’s request for “raw data” from the CCCEH researchers
relates to the agency’s need to determine whether the levels of chlorpyrifos exposure in the
environment (apartments, apartment building or other outdoor environment, or dietary exposure)
of CCCEH study participants were above or below levels that may elicit a greater than 10%
inhibition of acetylcholinesterase enzyme levels, the current regulatory endpoint. During the
April 2013 meeting, EPA learned that this type of information is neither available nor obtainable.
CCCEH researchers estimated relative pesticide exposure using several different exposure
methods including 48-hour air sampling with personal monitor, 2-week integrated stationary air
monitoring, maternal urinary concentration of TCPy (urinary metabolite of chlopryrifos) during
the last trimester of pregnancy, maternal urinary concentration of TCPy at delivery, and
umbilical cord blood and meconium at delivery. To determine whether a significant change in
acetyl cholinesterase levels may have occurred as a result of actual environmental exposure,
temporal concordance between pesticide use and the chlorpyrifos measurement is needed, 7.e.,
exposure estimation at the time of pesticide application is optimal. The CCCEH study design did

not incorporate pre- and post-pesticide use/exposure measurement in the study protocol.
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Therefore, this information was not collected and is not retrospectively obtainable.

In addition, EPA requested any additional information obtained by researchers as to specific
pesticide products used to better understand the pattern and frequency of organophosphate
pesticide use among cohort participants. This information was solicited from participants in a
written questionnaire administered during a follow-up period (unpublished copy of questionnaire
obtained by EPA Oct. 2012). In response to the EPA inquiry, researchers recalled that the
Whyatt (2002) publication described the challenges of collecting pesticide product information
in etiologic epidemiology studies, and in the on-site meeting in April 2013 confirmed that the
information quality in the CCCEH written questionnaire responses is very low. This information
was deemed of such poor quality by CCCEH data analysts that the data were not coded or
entered into the analytic data file. Therefore, EPA learned that this specific request for “raw

data” concerning pesticide product use is not available.

As a surrogate for this information, CCCEH researchers suggested EPA contact the New York
City Department of Health to obtain a linked dataset of CCCEH study participant residential
address and public housing pesticide usage. The linked dataset provides aggregated pesticide
usage data at the cohort participant building-level only. EPA has obtained and reviewed these
data (June 2013) and determined that pursuing a data reconstruction exercise is the most
appropriate way to estimate environmental pesticide exposure that would have to occur among
CCCEH study participants. EPA has conducted such analysis and included it in the revised

human health risk assessment.

B. CO-EXPOSURE TO OTHER ENVIRONMENTAL CONTAMINENTS

A second major concern raised by EPA, FIFRA SAP peer reviewers, and public commenters is
the ability of the CCCEH study authors to accurately measure and statistically model the
relationship between other environmental chemicals (lead and PAH, specifically) or other
pesticides (diazinon, propoxur) that may influence fetal brain development and childhood
neurodevelopmental performance, and also be related to chlorpyrifos exposure (these are

“potentially confounding” exposures). EPA’s concern stems from the understanding that if these
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other exposures are not sufficiently considered in the epidemiological analysis, then an incorrect
inference and conclusion may result (i.e., a potential false positive association). For example,
prenatal and early life exposure to lead in the environment has been causally linked to adverse
neurodevelopmental outcomes similar to those measured in the CCCEH cohort study including
intelligence measures. EPA was concerned about the potential error in the CCCEH study if lead
levels were not appropriately considered, 7.e., the apparent chlorpyrifos effect on

neurodevelopment observed in the study may have been due to the lead exposure.

However, EPA has confirmed with study authors that lead levels and chlorpyrifos levels in cord
blood are not statistically associated in this population. Plotting blood lead levels against cord
blood chlorpyrifos levels illustrates that the two exposures are extremely weakly (linearly)
correlated in this cohort (p<<1%) (V. A. Rauh et al., 2006). Further, EPA learned from
unpublished, supplemental analyses performed by CCCEH researchers upon EPA request that
postnatal blood lead levels and prenatal chlorpyrifos levels are also not strongly statistically
associated (Andrews, January 21, 2013). This is plausible because of intensive lead abatement
programs on-going in New York City during the time period of this study. According to the New
York City Department of Health, the number of children with elevated blood lead levels declined
92% between 1995 and 2008.! Therefore, because the two exposures are not related, it is not
likely that pre- or postnatal blood lead exposure could explain the observed association with

chlorpyrifos.

Furthermore, during the April 2013 meeting CCCEH researchers pointed out that based upon
available information it appears that lead and chlorpyrifos may affect the brain differently. It is
well understood that lead affects the neurodevelopmental sub-domain leading to outward
motivation and aggression; while research within the CCCEH cohort indicates chlorpyrifos may
affect inward motivation, information processing and organization (V. Rauh et al., 2011; V. A.
Rauh et al., 2006; Wright et al., 2008). Additionally, MRI imaging studies of lead affected
persons and preliminary brain imaging studies of chlorpyrifos affected persons show different
MRI patterns, grey matter as opposed to white matter compositional patterns, respectively

(Brubaker, Dietrich, Lanphear, & Cecil, 2010; Brubaker et al., 2009; Cecil et al., 2008; Cecil et

! http://'www.nyc.gov/html/doh/html/data/stats-childlead.shtml
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al., 2011; V. A Rauh et al ., 2012). Therefore, given that neither pre- nor postnatal lead levels
and chlorpyrifos levels are not statistically associated with one another in the CCCEH study, and
the different ways through which lead and chlorpyrifos appear to influence neurodevelopmental
domains EPA concludes that lead exposure did not likely confound (bias or render incorrect) the
observed association between chlorpyrifos exposure and neurodevelopment in this study

population.

Peer review panelists participating on the April 2012 FIFRA SAP panel identified the concern
that authors had not fully considered the long-term effects of polycyclic aromatic hydrocarbon
(PAH) exposure, a ubiquitous air pollutant in inner-city areas such as NYC, in the observed
association between chlorpyrifos and neurodevelopmental outcomes. Specifically, panelist
argued that ‘a shift in environmental exposures over time’ such that postnatal PAH exposure may
have combined with the measured in utero pesticide exposure to result in the observed ND
outcomes. During the April 2013 meeting, authors clarified that the study design did not include
a repeat measure of exposures over time, so an analysis of postnatal PAH exposures is not
possible. In the published studies, authors were able to control for the effect of prenatal PAH
through statistical adjustment. In addition, authors examined the possible modifying role of
prenatal PAH in this epidemiological association and did not observe any evidence of a different
risk estimate between chlorpyrifos and ND among those more highly exposed to PAH.
Concerning the role of postnatal environmental exposures, CCCEH researchers also stated their
belief that their overall study results illustrate that it is gestational exposure, and not early life
exposure, that influences neurodevelopment in the study population. They state that the
longitudinal analyses of infant and child neurodevelopment in relation to in utero chlorpyrifos
exposure illustrates a persistent effect of the prenatal environment (M. Bouchard et al., 2003; M.
F. Bouchard et al., 2011; Engel et al., 2007; Engel et al., 2011; Eskenazi et al., 2004; Eskenazi et
al., 2007; V. Rauh et al., 2011; V. A. Rauh et al., 2006; Whyatt et al., 2004). EPA concluded that
CCCEH researchers utilized best practices in statistical analysis of epidemiological data
concerning the role of prenatal PAH in neurodevelopmental outcomes, and that a study of
repeated, postnatal PAH exposure was beyond the scope of the current CCCEH study, and would

require a follow-up study not yet undertaken.
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EPA was also interested to learn more about the co-exposure to other organophosphate pesticides
among CCCEH study participants. Specifically, EPA as well as external peer review panelists
noted the uncertainty as to the degree to which exposure to multiple acetyl cholinesterase
inhibiting pesticides exposures over time and/or concurrent in time may have influenced study
results. CCCEH researchers agreed that a more clear understanding of the role of mixtures —
exposure to multiple OP pesticides overall or concurrent in time — on these neurodevelopmental
outcomes is desirable; however they also recognized that the current sample size is too small to
perform this type of analysis. To better understand the role of exposure to a mixture of OP
pesticides a new cohort study with a larger sample size and different design is required.
Therefore, EPA concluded that co-exposure to multiple organophosphate mixtures is not

currently obtainable.

For risk characterization purposes, EPA was also interested in understanding the relative
contributions of various environmental exposures on ND outcomes, (e.g., PAH, environmental
tobacco smoke, chlorpyrifos). Researchers noted that a preliminary indication of the relative
contribution of various risk factors for intelligence measures in these cohorts can be seen through
examination of supplemental tables published by CCCEH researchers, i.e., the beta-coefticients
provided in published supplemental tables provide an indication of the relative contribution of
each risk factor (V. Rauh et al., 2011). However, CCCEH researchers indicated that to gain a
true reflection the causal model in the population a series of studies in other study populations is
needed. EPA and CCCEH researchers agreed that these studies will likely accumulate over time,

however they are not currently available.

Iv.  CONCLUSIONS

In the past, EPA sought to obtain the original analytic data file used to support certain
epidemiological analysis of in utero exposure to chlorpyrifos and subsequent adverse
neurodevelopmental health outcomes in children generated by the Columbia Center for
Children’s Environmental Health (CCCEH) to support the Human Health Risk Assessment
(HHRA) of chlorpyrifos. EPA believed these data were important to both clarify the exposure-

response relationship observed in the epidemiology study relative to the current regulatory
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endpoint (acetylcholinesterase inhibition), and also to resolve uncertainties regarding study
participants co-exposure to other environmental contaminants, among other areas of
uncertainties. CCCEH researchers did not agree to provide these data, however, the researchers
met with EPA and discussed the agency’s questions about the data to help determine whether
further review of the raw data might assist EPA in resolving uncertainties. As a result of this
meeting and additional discussions with CCCEH staff, EPA concluded that access to the raw
data would either not provide answers to EPA’s questions or that the information EPA sought
could be obtained without analyzing the raw data. Indeed, based on discussions in that meeting
as well as further work conducted by agency staff, EPA has gained additional information to
better clarify and characterize the major issue areas identified as uncertainties. For these reasons,
EPA decided that it would not further pursueits request for the analytic data file from the
CCCEH researchers.
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Appendix 6. Addendum 1:

Columbia University Epidemiology Studies

The agency is obligated to review and address peer review comments in support of
regulatory decisions. The following is a list of key issues about the epidemiological
studies carried out by researchers at Columbia University that were raised in peer
review comments. These issues require EPA to have access to the raw data for
additional analvses by the agency.

1) Further analysis of other chemical exposures (e.g., lead, PAHs, other pesticides)
to address, if possible, their impact or contribution as modulating factors on the
measured outcomes

e 2012 SAP -- “it should be noted that it cannot be stated that chlorpyrifos is the
sole contributor to the observed outcomes.”

e 2012 SAP -- “In an earlier examination of the same cohort, Perera et a/.(2009)
reported an association between a decrease in full-scale 1Q and verbal 1Q in
Syear-olds with prenatal polycyclic aromatic hydrocarbons (PAH) exposure
rather than chlorpyrifos, thus, raising an issue of the shift in chemical exposure
association with increase in age. In each of these analyses, statistical modeling
showed that the exposures were independently associated with 1Q, and no
significant interaction was observed with the other chemical. While this is a
statistically sound approach to determine independent responses, panel members
noted that it is very difficult to identify the independent physiological effects of
a single chemical in this type of multi-chemical exposure scenario.”

e 2012 Federal Peer Review -- “even low levels of lead can impact
neurodevelopment, and even that the observed neurobehavioral deficits are
more pronounced at lower blood lead levels when compared with higher blood
lead levels”.

e 2008 SAP -- “In order to eliminate the possible causes of neurodevelopmental
effects by other pesticides in the Columbia study, it 1s suggested that EPA
should repeat the pre-post residential cancellation analysis done for chlorpyrifos
using other pesticide measurements, such as malathion diacid (MDA), a specific
metabolite of malathion. The outcomes from those additional analyses will
either confirm or reject EPA’s preliminary conclusion that chlorpyrifos is likely
to play a role in the neurodevelopmental outcomes.”

o 2008 SAP -- ““It would be useful to examine the results of a statistical analysis
that includes all three AChE-inhibiting insecticides in the analysis model as
dichotomous variables (above or below LOD) in combination with continuous
measurements for these variables. This type of analysis would likely not change
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the results, but it could be helpful in illustrating threshold or dose response
effects.”

2) Further analysis and information to address and, if possible, better characterize
uncertainty around outcome measures on learning/memory/1Q

2012 SAP-- Alternative considerations for non-quantified samples: “little use
was made of techniques to integrate non-quantified samples into the statistical
test.... Various methods were reviewed by the July 2010 SAP that can be applied
to either normally or lognormally distributed data that include a significant (even
a majority) of non-detectable sample . . . . Specifically, the use of "probability
plots’ was described that can yield an estimate of the geometric mean of the
distribution [GM], the geometric standard deviation [GSD], and corresponding
percentiles.”
Federal Peer Review -- “There is a scatterplot showing the raw scores for overall
IQ and for each of the subtests, but it is not possible to obtain the necessary
information to compare the distributions of these scores with the norms for the
test or with any other study sample. Ideally, the means and standard deviations
for these scores should be presented for either a non-exposed or a non-exposed
combined with low exposed group and these should be compared to a moderate or
high-exposed group as was done for the BSID-II in the Rauh et al., 2006 paper.
Here the uncertainties stem from the assumptions that are made when regression
analyses are performed. The main issue here is that outliers can greatly influence
the slope of the function.”
Federal Peer Review--A between group analysis using inferential statistics, as
was done for the Bayley Scales of Infant Development II in the Rauh et al.,
2006 paper, should be performed on each variable in both studies (i.e., the Child
Behavior Checklist in Rauh et al., 2006, and the full scale IQ and subscales for
the WISC-1V in the Rauh et al., 2011 study). This would be the most direct and
least problematic method for determining whether exposure to chlorpyrifos
resulted in significant decreases in 1Q or significant increases in behavioral
problems “..... no information was provided regarding the qualifications of the
individuals who administered and scored the tests.

3) Further analysis to assess, if possible, whether individual cohort members had
the potential for exposure to chlorpyrifos and/or other acetylcholinesterase
(AChE) inhibiting pesticides (e.g., diazinon, propoxur), prenatally and /or

postnatally, at levels leading to greater than 10% AChE inhibition (the level
used to derive the regulatory point of departure).
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e 2012 SAP-- recommended conducting a dose reconstruction analysis—"“data on
the concentration of chlorpyrifos in various media (7.e. house dust, air and
water) while market basket data exists on the concentration of chlorpyrifos on
food. These data provide the main tools for developing an effective exposure
assessment and a subsequent reconstruction of potential dose.” The agency has
begun such analysis but the current draft analysis is limited without data on the
exposure information relevant to individual women such that environmental
chlorpyrifos exposure can then be linked to measures of blood chlorpyrifos.

e 2012 SAP-- recommended the agency consider issues related to multiple
chemical exposure (i.e., mixtures) to chlorpyrifos and other key AChE
inhibiting pesticides identified by the Columbia University studies (diazinon,
propoxur). Assumptions of co-exposure will likely be grossly overestimated
without access to the raw data; such raw data may enable the agency to evaluate
actual co-exposure information for individuals from air monitoring samples and
blood samples.
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Message

From: Jay Vroom [IVroom@croplifeamerica.org]
Sent: 9/7/2017 7:34:39 PM
To: Beck, Nancy [/o=Exchangelabs/ou=Exchange Administrative Group

(FYDIBOHF23SPDLT)/cn=Recipients/cn=168ecb5184ac44de95a913297f353745-Beck, Nancy]
Subject: In advance of CLA Meeting . ..

Good afternoon, Nancy,

Just a quick note in advance of our 10:15a meeting tomorrow, to let you know that I’'m bringing two colleagues with me,
Janet Collins and Rachel Lattimore, as well as representatives from 3 of our member companies:

e Cindy Smith, Gowan

e Michael Parrish, Monsanto

e Eric Tamichi, Valent

 understand you are meeting at 11:00a tomorrow with RISE, which is closely affiliated with CLA, and | plan to stay on for
that meeting, too!

See you in the morning.
Jay

fav Vroom

President & CEO
Croplife America

1156 15th Street, NW
Suite 400

Washington, DO 20005

EX. 6

Fax {202} 466-5832

Email vroom@croplifeamerica.org

Executive Assistant Mary lo Tomalewski {mjtomalewski@croplifeamerica.org, Ex. 6 i
Web www . croplifeamesrica.org '
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Message

From:
Sent:
To:

Subject:

Hello Mike,

Jay Vroom [IVroom@croplifeamerica.org]

8/26/2017 4:27:24 AM

live.com#michael.parrish@monsanto.com [michael.parrish@monsanto.com]; Beck, Nancy
[fo=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF235PDLT)/cn=Recipients/cn=168ecb5184ac44de95a913297f353745-Beck, Nancy]
Conversation support on dicamba issues

I had a phone call with Nancy yesterday from a fairly noisy spot in an airport so our conn cation was not
the best-- and on the topic of the evolving scenario of dicamba issues this year I think I understood her
to say she was waiting on an attempted connection with one of your St Louis colleagues. I told Nancy
that you could

Likely help facilitate any such conversations and that I'd send this email to extend that idea to you

both!

Jay

Sent from my iPhone
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Message

From: Beck, Nancy [/O=EXCHANGELABS/OU=EXCHANGE ADMINISTRATIVE GROUP
(FYDIBOHF23SPDLT)/CN=RECIPIENTS/CN=168ECB5184AC44DE95A913297F353745-BECK, NANCY]

Sent: 8/28/2017 10:15:25 PM

To: PARRISH, MICHAEL [AG/1920] [michael.parrish@monsanto.com]; Jay Vroom [JVroom@croplifeamerica.org]

Subject: RE: Conversation support on dicamba issues

Thanks Mike.
I actually had a meeting with some Monsanto folks this morning so I think we are in good shape.

Regards,
Nancy

Nancy B. Beck, Ph.D., DABT

Deputy Assistant Administrator, OCSPP
P: 202-564-1273
M: i Ex. 6 i

beék.nancy@epa.gov

————— original Message-----

From: PARRISH, MICHAEL [AG/1920] [mailto:michael.parrish@monsanto.com]

Sent: Monday, August 28, 2017 10:14 AM

To: Jay Vroom <JVroom@croplifeamerica.org>; Beck, Nancy <Beck.Nancy@epa.gov>
Subject: RE: Conversation support on dicamba issues

Thanks Jay.

Nancy - My contact info is below as well. Let me know when you would Tlike to connect.
Mike

Mike Parrish

Monsanto | N.A. Corporate Engagement Lead Mobile': Ex. 6 Discover Monsanto -
www . discover.monsanto.com America's Farmers Grow America - Learn more at www.americasfarmers.com

————— original Message-----

From: Jay Vroom [mailto:JVroom@croplifeamerica.org]

Sent: Saturday, August 26, 2017 12:27 AM

To: PARRISH, MICHAEL [AG/1920] <michael.parrish@monsanto.com>; Nancy Beck (PhD, DABT)
<beck.nancy@epa.gov>

Subject: Conversation support on dicamba issues

Hello Mike,

I had a phone call with Nancy yesterday from a fairly noisy spot in an airport so our conn cation was not
the best-- and on the topic of the evolving scenario of dicamba issues this year I think I understood her
to say she was waiting on an attempted connection with one of your St Louis colleagues. I told Nancy
that you could Likely help facilitate any such conversations and that I'd send this email to extend that
idea to you both!

Jay

Sent from my iPhone

This email and any attachments were sent from a Monsanto email account and may contain confidential
and/or privileged information. If you are not the intended recipient, please contact the sender and
delete this email and any attachments immediately. Any unauthorized use, including disclosing, printing,
storing, copying or distributing this email, 1is prohibited. A1l emails and attachments sent to or from
Monsanto email accounts may be subject to monitoring, reading, and archiving by Monsanto, including its
affiliates and subsidiaries, as permitted by applicable law. Thank you.
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Message

From: PARRISH, MICHAEL [AG/1920] [michael.parrish@monsanto.com]

Sent: 8/29/2017 6:34:42 PM

To: Beck, Nancy [/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=168ecb5184ac44de95a913297f353745-Beck, Nancy]

CC: Jay Vroom [IVroom@croplifeamerica.org]

Subject: Re: Conversation support on dicamba issues

Thanks Nancy. I connected with Ty and Tom and realized you were meeting yesterday.

on Aug 28, 2017, at 5:15 PM, Beck, Nancy <Beck.Nancy@epa.gov> wrote:

Thanks Mike.
I actually had a meeting with some Monsanto folks this morning so I think we are in good shape.

Regards,
Nanhcy

Nancy B. Beck, Ph.D., DABT
Deputy Assistant Administrator, OCSPP
P: 202-564-1273

M:! Ex. 8 i

VVVVVVVVVYVVVYVYVYV

\"

————— original Message-----

From: PARRISH, MICHAEL [AG/1920] [mailto:michael.parrish@monsanto.com]

Sent: Monday, August 28, 2017 10:14 AM

To: Jay Vroom <Jvroom@croplifeamerica.org>; Beck, Nancy <Beck.Nancy@epa.gov>
Subject: RE: Conversation support on dicamba issues

Thanks Jay.
Nancy - My contact info is below as well. Let me know when you would Tike to connect.
Mike

Mike Parrish e .
Monsanto | N.A. Corporate Engagement Lead Mobile ! Ex. 6 i Discover Monsanto -

www.discover.monsanto.com America's Farmers Grow America - Learn more at www.americasfarmers.com

>
>
>
>
>
>
>
>
>
>
>
>
>
>

> - original Message-----

> From: Jay Vroom [mailto:Jvroom@croplifeamerica.org]

> Sent: Saturday, August 26, 2017 12:27 AM

> To: PARRISH, MICHAEL [AG/1920] <michael.parrish@monsanto.com>; Nancy Beck (PhD, DABT)
<beck.nancy@epa.gov>

> Subject: Conversation support on dicamba issues

Hello Mike,

vV VYV

> I had a phone call with Nancy yesterday from a fairly noisy spot in an airport so our conn cation was
not the best-- and on the topic of the evolving scenario of dicamba issues this year I think I understood
her to say she was waiting on an attempted connection with one of your St Louis colleagues. I told Nancy
that you could Likely help facilitate any such conversations and that I'd send this email to extend that
idea to you both!

>

> Jay

>

> Sent from my iPhone

> This email and any attachments were sent from a Monsanto email account and may contain confidential
and/or privileged information. If you are not the intended recipient, please contact the sender and
delete this email and any attachments immediately. Any unauthorized use, including disclosing, printing,
storing, copying or distributing this email, 1is prohibited. A1l emails and attachments sent to or from
Monsanto email accounts may be subject to monitoring, reading, and archiving by Monsanto, including its
affiliates and subsidiaries, as permitted by applicable law. Thank you.
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Message

From:

Sent:
To:

Subject:

8am or

Beck, Nancy [/O=EXCHANGELABS/OU=EXCHANGE ADMINISTRATIVE GROUP

(FYDIBOHF23SPDLT)/CN=RECIPIENTS/CN=168ECB5184AC44DE95A913297F353745-BECK, NANCY]

8/15/2018 9:28:20 PM

janet collins [/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=usera98e8fe5]

Re: If tonight doesn’t work

10:30 should work for me. With 8am being more reliable. Thanks

Nancy B. Beck, Ph.D., DABT

Deputy

Assistant Administrator

OQffice of Chemical Safety and Pollution Prevention

- Ex. 6

Ibeck.nancy@epa. gov

On Aug 15, 2018, at 5:27 PM, Janet Collins <jcollins@croplifeamerica org> wrote:

Let’s talk tomorrow!

Sent from my iPhone
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Message

From: Beck, Nancy [/O=EXCHANGELABS/OU=EXCHANGE ADMINISTRATIVE GROUP
(FYDIBOHF23SPDLT)/CN=RECIPIENTS/CN=168ECB5184AC44DE95A913297F353745-BECK, NANCY]
Sent: 8/4/2017 10:12:03 PM

To: Jay Vroom [JlVroom@croplifeamerica.org]
Subject: RE: I have to board my flight now
You too.

Nancy B. Beck, Ph.D., DABT
Deputy _Assistant Administrator, OCSPP

Ex. 6

beck.nancy@epa.gov

————— original Message-----

From: Jay Vroom [mailto:JVroom@croplifeamerica.org]
Sent: Friday, August 4, 2017 6:06 PM

To: Beck, Nancy <Beck.Nancy@epa.gov>

Subject: Re: I have to board my flight now

ok thanks-- I'11 try in that transit window for you-- it's probably overlapping when I'11 be at Dulles 1in
advance of my flight departure. Have a great weekend..

Jay

Sent from my iPhone

Oon Aug 4, 2017, at 6:01 PM, Beck, Nancy <Beck.Nancy@epa.gov> wrote:

wow-- that should be a great trip.

I Tand somewhere around 12pm PST and have events 4:30-9pm PST Monday night. So perhaps there is a small

indow while I think I will be in transit by car. You can try my cellphone.

Regards,
Nanhcy

Nancy B. Beck, Ph.D., DABT
Deputy Assistant Administrator, OCSPP

Ex. 6

beck.nancy@epa.gov

————— original Message-----

From: Jay Vroom [mailto:JVvroom@croplifeamerica.org]
Sent: Friday, August 4, 2017 5:49 PM

To: Beck, Nancy <Beck.Nancy@epa.gov>

Subject: Re: I have to board my flight now

Nanhcy,

I am flying to Africa Monday night and won't return to the USA until August 26. Any chance you'd have
window Monday we might connect?

Thanks

Jay

Sent from my iPhone

VVVVOVVVVVVVVVVVVVVVVYVVYVIVYVVYV

>> On Aug 4, 2017, at 5:34 PM, Beck, Nancy <Beck.Nancy@epa.gov> wrote:

>> Jay,
>> I'm stuck in another meeting. Sorry we didn't connect. I will be back in the office on the 14th.

>> Regards,
>> Nancy

>> Nancy B. Beck, Ph.D., DABT
>> Deputy Assistant Administrator, OCSPP

>  Ex.6

>> beck.nancy@epa.gov

ED_002061_00050458-00001



>>
>>
>>
>>
>>
>>
>>
>>
>>
>>
>>
>>

————— original Message-----

From: Jay Vroom [mailto:JVroom@croplifeamerica.org]
Sent: Friday, August 4, 2017 5:30 PM

To: Beck, Nancy <Beck.Nancy@epa.gov>

Subject: I have to board my flight now

Let me know when we might try to connect again!
Thanks!

Ssent from my iPhone

ED_002061_00050458-00002



Message

(FYDIBOHF23SPDLT)/CN=RECIPIENTS/CN=168ECB5184AC44DE95A913297F353745-BECK, NANCY]

I'm stuck in another meeting. Sorry we didn’t connect. I will be back in the office on the 14th.

From: Beck, Nancy [/O=EXCHANGELABS/OU=EXCHANGE ADMINISTRATIVE GROUP
Sent: 8/4/2017 9:34:39 PM

To: Jay Vroom [JlVroom@croplifeamerica.org]

Subject: RE: I have to board my flight now

Jay,

Regards,

Nancy

Nancy B. Beck, Ph.D., DABT
Deputy Assistant Administrator, OCSPP

Ex. 6

beck.nancy@epa.go{/

————— original Message-----

From: Jay Vroom [mailto:JVroom@croplifeamerica.org]
Sent: Friday, August 4, 2017 5:30 PM

To: Beck, Nancy <Beck.Nancy@epa.gov>

Subject: I have to board my flight now

Let me know when we might try to connect again!
Thanks!

Sent from my iPhone

ED_002061_00050486-00001



Message

From: Beck, Nancy [/O=EXCHANGELABS/OU=EXCHANGE ADMINISTRATIVE GROUP
(FYDIBOHF235SPDLT)/CN=RECIPIENTS/CN=168ECB5184AC44DE95A913297F353745-BECK, NANCY]

Sent: 9/10/2017 11:53:15 PM

To: lay Vroom [IVroom®@croplifeamerica.org]; Jakob, Avivah [/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF235PDLT)/cn=Recipients/cn=calaecd941984ff2939fe77425b0e2f3-Jakob, Avivah]; Keigwin, Richard
[/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=151baabb6a2246a3a312f12a706c0a05-Richard P Keigwin Jr]

Subject: RE: Thank you for meeting CroplLife and RISE today

Jay,

Thanks for coming in. It was particularly helpful to learn about the mosquito spraying delays—thank you for sharing that
information with us. We made sure that all the right parties, including the emergency operations center, were aware of
what happened, so hopefully we wont see a repeat.

As always, the weekend is too short. | hope you had a good one.
Nancy

Nancy B. Beck, Ph.D., DABT
Deputy Assistant Administrator, OCSPP

Ex. 6

Beck Manoy®@eps.aov

From: Jay Vroom [mailto:JVroom@croplifeamerica.org]

Sent: Friday, September 8, 2017 6:59 PM

To: Beck, Nancy <Beck.Nancy@epa.gov>; Jakob, Avivah <Jakob.Avivah@epa.gov>; Keigwin, Richard
<Keigwin.Richard@epa.gov>

Subject: Thank you for meeting Croplife and RISE today

Dear Nancy, Rick and Avivah,

[ am sure it's been a long day over there in your shop—as it has been here. Just a quick note to say thanks for making time for
the back to back meetings today with CLA and RISE. We deeply value your time and attention to important dialogue around
some very critical issues. We owe you essential follow up on several points and will be getting back to you soon.

Meantime, | hope you all have started very peaceful weekends by now!
Jay

Jay Vroom

President & CEO
Croplife America

1156 15th Street, NW
Suite 400

Washington, DC 20005

Ex. 6

Vroomi@oroplifeamerica.org
www . cropiifeamerica.org
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Message

From: Beck, Nancy [/O=EXCHANGELABS/OU=EXCHANGE ADMINISTRATIVE GROUP
(FYDIBOHF23SPDLT)/CN=RECIPIENTS/CN=168ECB5184AC44DE95A913297F353745-BECK, NANCY]
Sent: 8/3/2017 10:12:31 PM

To: Jay Vroom [JlVroom@croplifeamerica.org]
Subject: RE: Just left you a voicemail in your office phone
Hi Jay,

Happy to chat. I've got meetings til about 3pm tomorrow but should be available afterwards.

Next week I will be doing the Specialty Crop Tours in California all week. I'm told the schedule is
pretty packed so I'm not sure what amount of free time I will have. However, you can always try my cell
(number below)

If tomorrow doesn’t work, I'11 be back in the office on the 14th.

Regards,
Nancy

Nancy B. Beck, Ph.D., DABT
Deputy Assistant Administrator, OCSPP

Ex. 6

beck.nancy@epa.gov

————— original Message-----

From: Jay Vroom [mailto:JVroom@croplifeamerica.org]
Sent: Thursday, August 3, 2017 4:18 PM

To: Beck, Nancy <Beck.Nancy@epa.gov>

Subject: Just left you a voicemail in your office phone

Hi Nancy,

Hoping we might have a chat by phone through tomorrow or maybe even in person early next Monday. Let me
know if you might have time for a call tomorrow or Monday?

Jay

Jay Vroom
CropLife_America

Ex. 6

ED_002061_00050625-00001



Message

From: Beck, Nancy [/O=EXCHANGELABS/OU=EXCHANGE ADMINISTRATIVE GROUP
(FYDIBOHF23SPDLT)/CN=RECIPIENTS/CN=168ECB5184AC44DE95A913297F353745-BECK, NANCY]

Sent: 7/19/2017 6:00:15 PM

To: Jay Vroom [JVroom@croplifeamerica.org]

CC: Avivah Jakob (lakob.Avivah@epa.gov) [fo=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=calaecd941984ff2939fe77425b0e2f3-lakob, Avivah]

Subject: RE: Good meeting today

Jay,

Yes, the meeting was indeed helpful for me. In an ideal world, next time the discussions will happen well
in advance of our having to make a decision-- although I'm beginning to recognize that 24 hours, in some
cases, is not too bad.

Unfortunately, I don’t think I will be able to make it next week. I'm not sure what happened to the
invite, but my calendar is already packed both days and it would be extremely hard for me to step away. I
would welcome an invitation when your members are back in town again in the future and perhaps by then we
can talk about some substantive progress rather than just our plans and intentions. If we give Avivah
enough notice, she should be able to work with our schedulers to make it happen.

Regards,
Nancy

Nancy B. Beck, Ph.D., DABT
Deputy Assistant Administrator, OCSPP

Ex. 6

beck.nancy@epa.gov

————— original Message-----

From: Jay Vroom [mailto:JVroom@croplifeamerica.org]

Sent: Monday, July 17, 2017 8:40 PM

To: Beck, Nancy <Beck.Nancy@epa.gov>

Subject: Good meeting today

Nancy

Thanks for your time this afternoon. Please do not hesitate call if additional questions arise.

I also sincerely hope you can make time to meet with CropLife's Strategic Oversight Council next week
(Tues July 25 and wed July 26)-- per our earlier transmitted invite. oOur member leaders will gain much
from a good conversation with you.

Jay

Jay Vroom
Croplife _America .

Ex. 6

Sent from my iPhone
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Message

From:
Sent:
To:
CC:

Subject:

Jay,
I will be

Regards
Nancy

Beck, Nancy [/O=EXCHANGELABS/OU=EXCHANGE ADMINISTRATIVE GROUP
(FYDIBOHF23SPDLT)/CN=RECIPIENTS/CN=168ECB5184AC44DE95A913297F353745-BECK, NANCY]
8/6/2018 4:24:18 PM

Jay Vroom [JlVroom@croplifeamerica.org]

Keigwin, Richard [/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=151baabb6a2246a3a312f12a706c0a05-Richard P Keigwin Jr]
Re: Andrew Wheeler--Meeting today with ESA letter signatories?

attending.

12

sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ook ok ok ok ok ook ok ok ok ok ok sk ok ok ok
Nancy B. Beck, Ph.D., DABT

Deputy Assistant Administrator
QOffice of Chemical Safety and Pollution Prevention

Ex. 6

beck.nancy@epa.gov

On Aug

6, 2018, at 9:55 AM, Jay Vroom <}¥room@croplifeamerica.org> wrote:

Hi Nancy, Rick--
Are either or both of you attending this meeting with the Acting Administrator today at 4pm<
Jay

Jay Vroom

President & CEQ
Croplife America

1156 15' Street, NW
Suite 400

Washington, DC 20005

Ex. 6

Email: vroom @ croplifeamerica.or
Executive Assistant: Mary Jo Tomalewski (202.872.3849, mitomalewski@eroplifeamerica.org)

ED_002061_00050999-00001



Message

From:
Sent:
To:
CC:

Subject:

Thank you!!

Ethan Mathews [emathews@croplifeamerica.org]

1/31/2018 10:33:51 PM

Bennett, Tate [/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=1fa92542f7ca4d01973b18b2f11b9141-Bennett, El]
Sands, leffrey [/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=b2aa28629%ade4afb8d5ec12a8aaaba54-Sands, Jeff]
Re: Executed MOA

Ethan Mathews

Director of Government Affairs
CroplLife America
emathews@oroplifeamerica.or

Ex. 6

()

(m)

On Jan 31, 2018, at 5:32 PM, Bennett, Tate <Bennett. Tate@epa.sov> wrote:

From: Bennett, Tate

Sent: Wednesday, January 31, 2018 5:13 PM

To: 'Beau Greenwood' <BGresnwood@oroplifeamerica.ore>; "emaithews@oroptifeamerica.org’
<gmatthews@croplifeamerica.oreg>

Subject: Executed MOA

<Executed ESA-FIFRA MOA 1.31.18.pdf>

ED_002061_00056474-00001



Message

From: Greenwalt, Sarah [/O=EXCHANGELABS/OU=EXCHANGE ADMINISTRATIVE GROUP
(FYDIBOHF23SPDLT)/CN=RECIPIENTS/CN=6C13775B8F424E90802669B87B135024-GREENWALT,]

Sent: 3/5/2018 1:13:12 PM

To: Bennett, Tate [/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=1fa92542f7ca4d01973b18b2f11b9141-Bennett, El]; Mary Jo Tomalewski
[mjtomalewski@croplifeamerica.org]

Subject: RE: Invitation to Meet

My apologies, but I have a meeting with the Administrator at that time.
Sarah A. Greenwalt

U.S. Environmental Protection Agency _

work: 202-564-1722|cell:{ " Ex.6 i
Greenwalt.Sarah@epa.gov

————— original Message-----

From: Bennett, Tate

Sent: Friday, March 2, 2018 12:35 PM

To: Mary Jo Tomalewski <mjtomalewski@croplifeamerica.org>
Cc: Greenwalt, Sarah <greenwalt.sarah@epa.gov>

Subject: Re: Invitation to Meet

I am available should our standing 8:30 run on time.
> On Mar 2, 2018, at 12:17 PM, Mary Jo Tomalewski <mjtomalewski@croplifeamerica.org> wrote:

z Good afternoon,

¢ Jay vroom from CropLife America asked me to reach out to you to invite you to an hour-long meeting that
we are having on Tuesday, March 6 at 9 AM, with Henry Darwin in his offices. A group of our Board of

directors and other industry leaders are in town for CLA winter board meeting and they want to meet to
discuss a number of issues and EPA processes.

\"

>
> If you are available we would be delighted if you would join us.
>

> MJ

>

> Sent from my iPhone~Please excuse any typos!

ED_002061_00056482-00001



Message

From: Beau Greenwood [BGreenwood@croplifeamerica.org]

Sent: 1/31/2018 10:33:10 PM

To: Bennett, Tate [/o=Exchangelabs/ou=Exchange Administrative Group
(FYDIBOHF23SPDLT)/cn=Recipients/cn=1fa92542f7ca4d01973b18b2f11b9141-Bennett, El]

CC: ematthews@croplifeamerica.org

Subject: Re: Executed MOA

Thanks Tate!!

Beau.

OnJan 31, 2018, at 5:13 PM, Bennett, Tate <Bennett.Tate@epa.sov> wrote:

<Executed ESA-FIFRA MOA 1.31.18.pdf>

ED_002061_00056540-00001



Delivery Report

From: postmaster@croplifeamerica.org [postmaster@croplifeamerica.org]
Sent: 2/2/2018 9:37:05 PM

To: ematthews@croplifeamerica.org

Subject: Undeliverable: Executed MOA

Attachments: Executed MCA

Your message

To: '‘Beau Greenwood'; ematthews@croplifeamerica.org
Subject: Executed MOA
Sent: 1/31/2018 10:13:24 PM

Delivery has failed to these recipients or groups:

ematthews@croplifeamerica.org (ematthews@croplifeamerica.org)
Your message couldn't be delivered. Despite repeated attempts to contact the recipient's email
system it didn't respond.

Contact the recipient by some other means (by phone, for example) and ask them to tell their email
admin that it appears that their email system isn't accepting connection requests from your email
system. Give them the error details shown below. It's likely that the recipient's email admin is the only
one who can fix this problem.

For more information and tips to fix this issue see this article:
https://go.microsoft.com/fwlink/?Linkld=389361.

ED_002061_00056789-00001
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